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Preface

The first year of my PhD studies in Norway was affected by an unexpected event.
After a very long processing time, my application for visa was rejected by the
Norwegian Directorate of Immigration (UDI). A same decision was made for
many other Iranian students and work applicants as well. Such decision was
made based on the EU and UN sanctions on Iran in connection with Iran’s
activities on developing nuclear energy. Most of the students who were affected
by this policy were in Iran and had not yet entered Norway. Therefore, they
could not do much about it, and | guess they just relinquished. As for me, | was
among a group of 12 people who had already entered Norway. | did my master
studies in Sweden, and having received the contract for PhD from Norwegian
University of Science and Technology (NTNU), | moved to Norway. | was granted
a temporary work permit by Norwegian police to start my work while my work
application was being processed by UDI.

As stated earlier, my application was rejected after seven months. This was a
very unexpected and unreasonable decision as | was an ordinary Iranian citizen,
who had nothing to do with Iran’s activities on nuclear energy regardless of
whether such activities were right or wrong. Together with my other 11 Iranian
fellows, | started to find a solution to this awkward problem. That was the
beginning of a series of activities to prove that the decision made by UDI was
incorrect. So, we embarked on making a case against the decision made by UDI.
Fortunately, our efforts ended in success and the decision was reversed for
many of us, who resumed their studies after few months pause. Sadly, the
appeal for two of our friends was rejected again, and they elevated the case to
the court level. After further follow-up, finally the problem of those two was also



resolved. This was mainly due to their perseverance and also because of
achievement of the nuclear deal between Iran and six world powers.

Undoubtedly, the scope of this event was beyond my control and reach. In fact,
final accomplishment in changing the decision could not have been achieved
without the support, endeavours, and help of many people and organisations.

First of all, NTNU and in particular, Department of Materials Science and
Engineering had a great role. It was NTNU, which clearly showed and proved that
our projects and scientific activities here at NTNU were only for peaceful,
unwarlike and benevolent goals.

| do not know and in fact, cannot know all the people who took a step to help us
through this hardship. Certainly, | am deeply thankful to all of them.
Nevertheless, | wish to thank some people in particular as follows:

Gunnar Bovim, Rector of NTNU, Jostein Mardalen, Head of Department of
Materials Science and Engineering, who undoubtedly had an immense role, and
| appreciate his great endeavour. Geir Martin Haarberg, my supervisor, who
supported me all the way. Additionally, my co-supervisors, Tommy Mokkelbost
and Ole Kjos from SINTEF research foundation. All the professors and
supervisors of other affected students. Christian Fossen, Director of
Communication Division (NTNU), Pernille Feilberg, Communications Adviser
(NTNU), and Kathrine Vangen, International Senior Advisor (NTNU). All
Norwegian friends who stood up not only for us, but also for the humane values
and principles of their beautiful country. All Iranian friends who did whatever
they could to solve this problem; also, our friends from other nationalities who
saw this problem not as something solely related to Iranians but as their own
problem and supported us all the way to the end. Finally, anyone who took the
smallest step in this regard. | owe a great deal to all of you.

Probably, the occurrence of such events is evitable. However, these things
happen and nobody is faultless. | am happy that in this case Norwegian
authorities (including UDI) showed rationality and changed their decision.
However, this was achieved at substantial expense.

The problem that happened to me and my friends was probably a tiny one in
comparison to all the tragic and terrible things going on in the world today.



There are many problems and challenges that must be dealt with. | believe this
can be achieved if we remember that we are living together on this planet. We
share all the beauties, evils and problems.

“If we have no peace, it is because we have forgotten that we belong to
each other”

Mother Teresa



The outline of the thesis

This thesis contains the results of research carried out at the Department of
Materials Science and Engineering at the Norwegian University of Science and
Technology in the time span 2013-2017.

This thesis consists of five chapters. The first chapter is an introductory part
giving a general introduction and motivation to the main topics of the thesis. In
the second chapter the details of experimental work, different techniques and
instruments are explained. Results and discussion are presented in chapter 3 in
five papers. The three first papers have already been published. The last two are
manuscripts. The results and findings of this study have been presented and
published as this work progressed. Chapter four and five are conclusions and
some suggestions for future studies, respectively.
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Summary

Over the past few decades, significantimprovements have been made regarding
CO; emissions and other environmental impacts of the industrial aluminium
electrolysis process. However, a large part of such emissions is related to the
source of electrical energy. Nevertheless, process optimizations have led to
remarkable reduction in CO, emissions directly coming from the electrolysis
process. Further reduction in such emissions can only be achieved by changing
the electrolysis reaction. A so-called inert anode has been the most important
considered alternative. Such an anode does not react with the bath and only
oxygen is evolved as the gas product of the anodic reaction. However, this idea
has not been realized so far and it is unlikely to become so in the foreseeable
future. Another alternative is to employ gas-permeable anodes and supply them
with a reducing gas so that the gas participates in the anodic reaction.
Depending on the selected reducing gas and anode material the amount of
generated CO; will be reduced.

After considering various aspects of the process and previous studies graphite
and methane were selected as the anode material and reducing gas,
respectively. Graphite seems to be the best option for the anode material since
today there is no sufficiently inert anode available which can be used on
industrial scale. Among various reducing gases natural gas/methane is the best
option. The abundance and low price of methane makes it an attractive option.
Besides, when a hydrogen-containing gas is used for this process it leads to
generation of extra hydrogen fluoride which is undesirable. Hence, methane is
a better choice compared to hydrogen and many other gases in this respect.



There have been few studies on this concept for aluminium electrolysis. Thus,
many aspects of such a process are unexplored. As this work progressed a better
understanding was obtained and influencing parameters were revealed.

Galvanostatic electrolysis experiments were run to see the effect of methane
supply during aluminium electrolysis. At the beginning three different types of
graphites were tried as anode. The amount of anode consumption was found by
measuring the weight change of the anode during electrolysis. This reflected
how much methane was involved in the anodic reaction. In addition, the off-gas
was analysed and the concentration of water and hydrogen fluoride was
monitored in each experiment. The pressure changes before the anode were
also observed. Among the graphite grades used one of them showed a better
performance. Besides, the pressure changes suggested that gas-permeability
and pore size distribution (PSD) of the graphite are of great importance for the
efficient oxidation of methane. Therefore, other types of graphite were
purchased from different suppliers. Mercury porosimetry and air-permeability
measurements were carried out and those with the more suitable properties
were tried.

Finally, cyclic voltammetry was done using different graphites and the effect of
supply of methane was studied. Also, electrochemical impedance
measurements were performed to find the double layer capacitance.

It was found that among the graphite materials tested in this study, the grade
with a pore size distribution in the range from 1 - 10 um and air-permeability
equal to 5 md had the best performance. Such graphite can better establish the
three-phase boundary between the methane, electrolyte and the anode. Cyclic
voltammograms were clarifying and confirmed the electrolysis results. The
carbon consumption is indicative of the degree of methane involvement in the
anodic reaction. However, it might be influenced by other parameters.
Nevertheless, the anode consumption was reduced up to 35% and higher
efficiencies can be achieved by optimization the process.
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Chapter 1

1. Introduction

1.1. Aluminium production process: Challenges,

shortcomings and future

Aluminium is the third most abundant element on earth. It is also the second
highest tonnage metal produced in the world; more than the combined
production of all other nonferrous metals [1]. It is produced in a multistage
process. First, aluminium ore, e.g. bauxite, is converted to pure aluminium oxide.
This first step is by the Bayer process. Secondly, liquid aluminium is produced
from aluminium oxide by electrolysis in the so-called Hall-Héroult process [2].
The world primary aluminium production was about 270 million tonnes during
the last five years (2011-2015); where about 62 million tonnes were produced
in 2015 [3].

The current industrial aluminium production method — Bayer process followed
by Hall-Héroult process — is the only way which aluminium is commercially
produced today. Other alternatives do not seem to be very competitive to this
method, but this method is not flawless. Specifically, the Hall-Héroult process
has two major drawbacks; first, it is an energy-intensive process; it is one of the
top five most energy-intensive industries, after the chemicals and
petrochemicals, iron and steel, cement and pulp and paper industries [4].
Secondly, large amounts of greenhouse gases (GHG) are emitted as by-products
during this process. The required energy is itself the cause of considerable



amounts of GHG emissions depending on the energy sources. However,
aluminium is considered as a material promoting sustainability [5] for several
reasons. It can be recycled relatively easily and repeatedly without losing its
unique properties. In fact, approximately 75% of all aluminium ever produced
since the late 19 century is still in use. Besides, aluminium recycling only needs
5% of the energy required for primary production. In addition, due to its superior
properties such as high strength-to-weight ratio and corrosion resistance it is
considered to be a sustainable material [6].

It is very difficult and probably impossible to detect and assess all the
environmental impacts associated with aluminium production; like any other
industry. In fact, for any Life Cycle Assessment (LCA) a group of these
environmental impacts (impact categories) is selected and used. But, some
impact categories cannot be included due to different reasons such as limited
availability of data and other uncertainties [7].

The LCA assessment delivered in Environmental metrics report, year 2010 data
[7] is a cradle-to-gate assessment, meaning it covers the life cycle from bauxite
mining to aluminium ingot. In this assessment, several impact categories are
included; see Table 1.1-1. Perhaps, among these impact categories the Global
Warming Potential (GWP) is more widely known. Itis “an index used to compare
the relative radiative forcing of different gases without directly calculating the
changes in atmospheric concentrations. GWPs are calculated as the ratio of the
radiative forcing that would result from the emission of one kilogram of a
greenhouse gas to that from the emission of one kilogram of carbon dioxide over
a fixed period of time, such as 100 years” [8].

Table 1.1-1. Impact categories per kg of aluminium ingot [7]

Impact category Unit (per kg Al)
Acidification potential (AP) kg SO,e
Depletion of fossil energy resources M)
Eutrophication potential (EP) kg PO4e

Global warming potential (GWP 100 years) kg COze

Ozone depletion potential (ODP) kg CClsFe
Photo-oxidant creation potential (POCP) kg CoHze
Water scarcity footprint (WSFP) m3 H,0e




Here, only the Global Warming Potential (GWP) is mainly focused. The other
impact categories are presented to demonstrate the fact that the magnitude
and extent of environmental impacts are much more than what is known in
common knowledge. A more complete description of these selected impact
categories can be found in the report [7].

In Table 1.1-2 and Figure 1.1-1 the greenhouse gas (GHG) emissions and primary
energy required (from both renewable and non-renewable) for each of the
processes in aluminium production are presented. The unit, unless otherwise
indicated, is CO,-Equiv.! /kg Al [7]. As can be seen from Table 1.1-2 for 1 kg of
aluminium ingot 16.5 kg CO; is produced. The most significant factor is the
electrical energy required for electrolysis. Average global smelter electrical (AC)
power consumption is in the range of 14-15 kWh per kg of primary aluminium.
This is responsible for about 56% of the total GWP for production of 1 kg
aluminium ingot. This is in fact the energy required to split strong bonds
between AI** and 0% in alumina. Undoubtedly, the most effective way to make
the production more environmentally friendly is to use cleaner energy
resources.

Table 1.1-2. Global greenhouse emissions split by unit process and process type and
primary energy input split by process type. The unit, unless otherwise indicated, is CO,-
Equiv. /kg Al. [7].

Global Bauxite Alumina Anode/paste Electrolysis Ingot Total Primary
mining  refining  production casting Energy
(MJ)
Electricity <0.1 0.4 <0.1 9.2 <0.1 9.7 131
Process &
- <0.1 0.7 0.4 2.3 <0.1 35 19
Auxiliary
Thermal
<0.1 2.2 0.1 <0.1 0.1 2.4 31
Energy
Transport 0 0.5 <0.1 0.4 0 0.8 10
Total <0.1 3.8 0.6 11.9 0.2 16.5 190

1 carbon dioxide equivalent: The amount of carbon dioxide by weight emitted to the atmosphere
that would produce the same estimated radiative forcing as a given weight of another radiatively
(i.e. with regard to radiation) active gas. Carbon dioxide equivalents are computed by multiplying
the weight of the gas being measured (for example, methane)by its estimated global warming
potential (which is 21 for methane) [8] Glossary; US Energy Information Administration
<https://www.eia.gov/tools/glossary/index.cfm?id=G >, 2017 (accessed 09.03.2017.2017).
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Global GWP breakdown
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Figure 1.1-1: Global GWP (global warming potential) split by unit process and process
type. The unit is CO»-Equiv. /kg Al [7].

Currently, low GHG-emitting, renewable and reliable hydroelectricity
constitutes around 40% of the industry’s power mix. This figure was larger a few
decades ago. Since the beginning of 21% century the aluminium production in
China has increased remarkably and as China provides the electrical energy
largely from fossil fuel resources the share of hydro power in the global power
mix has decreased during the last two decades; see Figure 1.1-2 . Meanwhile,
the global production of aluminium has increased [9].
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Figure 1.1-2: Global aluminium industry power mix (GWh) for different years (1995,
2005, and 2015) during the last three decades. This diagram is plotted based on data
from [10].



Apart from the electrical energy for electrolysis, the factor “process and
auxiliary” (Table 1.1-2 and Figure 1.1-1) also constitutes around 14% of the total
GWP. This part is due to the reaction of carbon anodes with the oxygen-
containing ions in the bath during the electrolysis process. Equation (1) presents
the overall primary reaction during electrolysis; Hall- Héroult process:

1/2 Al,05(diss.) + 3/4C(s) = Al (1) + 3/4C0,(g) (1)

This amount of CO, from anode consumption now constitutes around two third
of the direct emissions of the process, with PFCs (perfluorocarbons) making up
the remainder. In industry about 430 kg anode carbon are consumed to produce
1 tonne of molten aluminium. This corresponds to 1.6 tonnes CO; [6]. However,
according to the stoichiometry of reaction (1) 333 kg carbon (equivalent to 1222
kg CO,) is needed to be consumed. This difference is due to the unwanted
reactions of the anode and also due to the fact that the current efficiency of the
process (with respect to produced aluminium) is in the range of 90 — 92 % [2].

One of most advanced aluminium plants in the world will start operation in 2017
in Karmgy, Norway. It is expected that the direct CO, emissions at this pilot plant
will be at 1.40-1.45 kg CO; equivalents per kg aluminium and this is 0.8 kg lower
the world average [11]. This corresponds to 0.382 — 0.395 kg anode carbon
consumption which is a remarkable improvement. It also shows that the modern
industrial cells are getting closer to the stoichiometric carbon consumption
(0.333 kg/kg of Al.). Bearing in mind the fact that the Hall-Héroult process -
without a fundamental change - has been optimized and amended since its
establishment in the late 19" century; it is unlikely that further improvements
can lead the industrial electrolysis process to get much closer to this
stoichiometric limit, as the unwanted reactions are almost inevitable.
Nevertheless, even if this limit can be achieved it would be the final achievement
regarding carbon consumption by such process optimizations. Therefore, to
decrease the undesired CO, emissions from electrolysis cell the overall reaction,
or more specifically the anodic reaction must be changed.

This seems more important when the future of primary aluminium production
is also considered. Figure 1.1-3 demonstrates an estimated primary aluminium
production for the period 2009 — 2050. This prediction was based on a model
assuming that the primary aluminium production increases by gross domestic



product (GDP); though the secondary aluminium production was not considered
in this study [12].

It is worth mentioning that unsurprisingly, such estimations cannot predict the
future with a very high degree of precision due to simplifications and limitations
of the used models for such studies. The above mentioned estimation matches
well to predictions under low demand scenario to which primary aluminium
production will rise to 90-100 Mtonnes by 2050; whereas under high demand
scenario, primary aluminium production is expected to increase to 120-135
Mtonnes by that time [13]. This may explain some of the errors; e.g. the fact that
Chinese primary aluminium production has already passed the estimated value
for 2035 in this study. Nevertheless, such estimates can shed some light to the
forthcoming trends and give rough values for the future. Undoubtedly, the
global primary aluminium production will increase in the following decades and
any step forward towards sustainability and environmentally friendly processes
is highly desirable and necessary.

Primary aluminium production
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Figure 1.1-3: Estimated future primary aluminium production in the world [13].



On the other hand, in recent decades the aluminium industry has made
significant improvements regarding the undesirable environmental impacts.
This was achieved mainly by investment in new large-scale production plants
with more advanced technologies and phasing out old plants. From 2005 to 2010
perfluorocarbon (PFC) air emissions and polycyclic aromatic hydrocarbons (PAH)
were reduced respectively by 40% and 50% per tonne of Al. Spent pot lining (SPL)
solid landfilled was also reduced by 45% per tonne of Al [9]. However, there is a
long way to make primary aluminium production sufficiently sustainable.

1.2. Alternatives

As mentioned before, the current production of aluminium is based upon two
established processes; i.e. the Bayer process for production of alumina from ore
and the Hall-Héroult process which is the electrolytic production of aluminium
from alumina. The most important alternative methods include modified Hall-
Héroult process utilizing inert anodes, direct carbothermal reduction of alumina,
and indirect carbothermal reduction of alumina [14, 15]. Here these methods
are briefly presented.

1.2.1. Carbothermal reduction processes

1.2.1.1.  Direct carbothermic reduction processes
This method has been considered as an interesting alternative due to the
advantages it potentially possesses when compared with Hall-Héroult process.
These advantages include higher productivity, lower overall greenhouse gases
emissions, lower capital investment, and less consumption of electrical power.
The process can be presented by these overall reactions:

Al,05(s) +3C(s) = 2AlL (s) + 3C0(g) (2)
Al,04(s) + 3CH,(g) = 2Al(s) +3C0 (g) + 3H,(9) (3)

Thermodynamically, these reactions are shifted to right above 2057 °C and 1497
°C, respectively. The main downside with this process is that the yield of
aluminium is low; reduction of alumina does not proceed straightforward and it
is complicated by formation of intermediate and volatile sub-compounds.
Furthermore, when the products are cooled down a mixture of carbide and
oxycarbide might form which then must be separated in an extra process.



This method has been developed to a two-stage process. The most important
development of this method is being performed by Alcoa and Elkem companies
(ARP-Advanced Reactor Process). First, Al,Os is reduced by carbon at about 2000
°C which leads to formation of Al,Os - Al,Cs slag melt. This occurs in the first
reaction compartment. Then, in the second compartment the reaction follows
between alumina and aluminium carbide at 2200 °C and an aluminium-carbon
alloy is formed. The following reactions represent each of the as mentioned
stages:

341,05(s) + 9C(s) = (Al,Cs. Al,05)(D) + 6CO(g) (4)

(Al,Cs.AL03)(D) = 6AL (1) + 3C0(g) (5)

There have been other studies based on this method such as ENEXAL project in
which carbothermic reduction happens under vacuum. The final product is a
mixture of aluminium (up to 19%), Al,C; and Al,04C. Another study proposed a
carbothermic process where carbon and Al,O3 are injected into superheated
aluminium (> 1400 °C). This leads to formation of aluminium carbide which is
later treated with alumina and finally aluminium is extracted through the
reaction given in equation (5) at temperatures about 1700 — 2000 °C.

Direct carbothermic process still has a very low yield besides the other problems
such as formation of other compounds other than aluminium. Therefore, no full
plant scale has been developed so far based on this method [15].

1.2.1.2.  Indirect carbothermal reduction process

Another approach is to produce aluminium through an aluminium intermediate
compound. This is usually done by a two or multi-stage process. First, alumina
or an aluminium ore is converted to an intermediate aluminium compound such
as aluminium chloride or nitride and then this compound is reduced to
aluminium metal in the successive stage(s). Different types of this approach such
as carbochlorination, carbosulphidation and carbonitridation have been
studied.

The most important one is the chloride route. In this method, first aluminium
chloride intermediate compounds are formed by reaction of alumina or
aluminium ore with carbon and chlorine sources. This stage can be represented
by the following reactions:



Al,05(s) + 3C(s) + 3Cl,(g) = 24ICL5(g) + 3CO(g) (6)

AL05(s) + 3C0 (g) + 3CL,(g) = 24ICl5(1) + 3C0,(g) 7)

The chlorination temperature varies between 400 to 1000 °C depending upon
the reacting agents. Second stage is to extract aluminium from its chlorides.
Disproportionation and electrolysis are the common routes. Other routes such
as distillation and direct reduction with other metals are of minor importance.
Disproportionation reaction leads to production of pure aluminium as follows:

3A4ICL (g) = 24l (1) + 24ICl5(g) (8)

Electrolysis of AICl; is also an attractive option due to its potential advantages.
These advantages include:

e Longer cell lifetime since chlorides are less corrosive than fluorides

e Electrolysis of AICIs must be done in a closed system. Therefore, the
emission of gases is limited.

e Due to higher conductivity of chlorides than fluorides the process
would have higher power and current efficiency and lower energy
consumption.

e There is no anode effect due to broad operational range of aluminium

e This process can be done in cells with bipolar electrodes. Therefore,
the cells can be more compact.

During the 70’s Alcoa developed and commercialized aluminium production by
carbochlorination followed by electrolysis. But, this production was later
stopped because there were problems with production and handling of
aluminium chloride and chlorine gas at elevated temperature [15].

As mentioned earlier, the same principle can be applied to produce aluminium
through other compounds such as aluminium sulphide (Al:S3) or aluminium
nitride (AIN). There have been some studies to develop these routes but, in
these cases also there are unresolved issues and none of them have become
successfully commercialized [15].



1.2.2. Inertanodes

The term “Inert anode” for aluminium electrolysis cell means any oxygen-
evolving anode. If such an anode is utilized in the cell then the primary cell
reaction changes to the following:

1/2 Al,04(diss.) = AL (1) + 3/4 0,(g) (9)

In this case, the anode does not participate in the anodic reaction and it is not
consumed; therefore, it is considered inert. However, it is most likely that the
material slowly and gradually corrodes. The realization of this idea has been the
long-standing dream of researchers. If a suitable material which can serve as an
inert anode is discovered, the atmospheric pollution from the electrolysis
process (see Table 1.1-2) and some other impurities will be eliminated.
Furthermore, there is no need to adjust and change the anode during
electrolysis. Currently, anode changing causes the largest operating disturbance
in cells with prebaked anodes. Besides, the anode/paste production plant is not
required. Though inert anodes must also be produced but inert anodes will have
much longer lifetime [2].

The emf of reaction (9) is 2.2 V at 960 °C which is 1 V higher than reaction (1).
This means that more electrical energy is required to run the electrolysis.
However, if the cell is equipped with inert anodes other changes can be made
which may reduce the cell voltage and the required energy [2]. This will be
addressed in successive sections.

The advantages of an inert anode can be best accomplished if it is used with
wettable cathodes and in a modified electrolysis cell. Therefore, alongside the
qguest for inert anodes, there has also been a search for wettable cathodes for a
long time. A wettable cathode can also bring about significant improvements to
the electrolysis process. There are serious candidate materials for wettable
cathodes such as TiB; and ZrB,. When inert anodes are utilized together with
wettable cathodes major changes can be made to the cell design, which in turn,
leads to several noticeable enhancements. Different designs have been
proposed. The electrodes can be positioned vertically or horizontally; they can
even have trapezoid shapes which facilitates the release of oxygen bubbles. The
cathode can be made perforated so the liquid aluminium will be collected at the
bottom of the cell. The cathodes can be changed during the process and the
lifetime of the cell will be longer. The liquid aluminium film on the wettable
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cathode will be much thinner. Therefore, the influence of the electromagnetic
field and in turn, the movement of liquid aluminium will be limited. This leads to
higher current efficiency. In addition, the thickness of the layer of oxygen
bubbles is less than that for CO, bubbles. These enables a much smaller
interpolar distance and less heat loss which means saving of electrical energy.
On the other hand, since less heat is produced in the cell the electrolyte must be
kept at the process temperature in another way. This can be achieved by
changing the thermal insulation, or using a lower-temperature electrolyte which
enables reducing the process temperature. Such an electrolyte is interesting
from another aspect too. At lower temperature corrosion/dissolution of the
inert anode is slowed down. Besides, the solubility of aluminium is also lower
and the current efficiency can be increased further. The most promising
candidate for such an electrolyte is KF-AlIFs. By using this electrolyte (with
addition of some other salts) the electrolysis temperature can be lowered to
700-750 °C. The alumina solubility in this electrolyte was reported about 4.5 wt.
% at 700 °C [16] which is much higher than the alumina solubility in industrial
electrolyte at such low temperatures. However, there are still some unresolved
issues with usage of this electrolyte. There is up to 0.5 % Na,O in alumina from
Bayer process. And this can lead to contamination of this electrolyte by NaF.
Besides, the electrical resistance and density of this electrolyte are not suitable
for the process. The carbon lining must also be resistant to potassium attack
[17].

But as mentioned before, the principal problem in the use of inert anodes is that
to this date, a material which can serve as an inert anode in Hall-Héroult cell has
not been found. Such a material, once called “the ultimate material challenge”
[18], must have very many superior properties in order to be suitable for this
purpose. The most important requirements are that it must be inert in terms of
reacting with oxygen, stable and resistant towards reacting with electrolyte,
physically stable at working temperature, sufficiently resistant to thermal shock,
have high enough electrical conductivity and be mechanically robust [18].

So far, mostly three groups of materials have been considered candidate for
inert anodes: ceramics, cermets and metallic alloys.

Among ceramic materials, mainly oxides have become candidates for such inert
anodes; mainly due to having high melting point and resistance to attack by
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oxygen and because of being electrochemically stable. However, almost these
oxides show low electrical conductivity and unacceptable high solubility in the
electrolyte. Even, in the case of tin oxide which has comparatively higher
electrical conductivity and once was considered a potential anode material, the
low solubility is not tolerable by aluminium industry. In addition, there are other
unresolved issues with ceramic materials such as thermal shock resistance,
scalability, operational challenges and mechanical robustness. Other ceramic
materials have also been tried, mostly semiconducting oxides such as ferrites,
spinels and perovskites. They lack sufficient electrical conductivity even after
being doped, in addition to high solubility in the electrolysis bath [18]. Due to
these unresolved issues there has not been much research on these materials
in recent years [19, 20].

Cermets are a type of composite materials which are composed of ceramic and
metallic phases. These seem attractive since they potentially possess the
desirable properties of both of their constituents. In reality, this is true to some
extent. The metallic phase brings high electrical conductivity and mechanical
robustness while the ceramic phase provides the chemical stability. However,
the problem with solubility in the bath persists. It was suggested that an
alumina-saturated bath can resolve this problem. But, running the electrolysis
with such a bath has its own problems and challenges. In addition, cermets are
prone to become unstable under electrolysis conditions over long-term due to
their dual-phase microstructure [18]. The most important cermet material
studied recently has been nickel ferrite (NiFe;O4) — based cermets which is
usually combined with copper or a Cu-Ni alloy as the metallic part. These were
tested in low melting electrolytes. But, as mentioned earlier, anodes made of
these materials will dissolve/corrode during long-time electrolysis [19].

Metals and metallic alloys candidates for inert anodes possess most of the
requirements except the chemical and electrochemical stability. These
properties are provided by a surface oxide layer which has a critical role; it must
be thick enough to protect the underlying metallic phase from bath and oxygen
and at the same time thin enough to provide sufficient electronic conductivity.
Aluminium bronze is an example of this type of inert anodes. It is a copper base
alloy containing 7-15 wt. % aluminium. On the anode surface a layer of alumina
forms that can be best described as a reaction layer while it protects the metallic
bulk of the anode [18]. Between different alloys, Ni-Fe based alloys have been
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found to be the most promising ones in recent years. Although, most of the
anodes made of this group have not shown enough corrosion resistance and
stability, but there have been some cases where the anode performance was
promising. Laboratory electrolysis tests lasting about 270 hours at Rusal’s
Engineering & Technology Centre at Krasnoyarsk were carried out using Ni-Fe-
Cu anodes. These anodes were consumed less than 2.5 cm/y and the aluminium
purity was higher than 99.2%. It was reported that Rusal will start running tests
in industrial electrolysis cells of 100 kA equipped with this type of anodes in the
near future [19]. However, any news about such activities has not been
announced to this date.

In conclusion, if the concept of inert anodes, together with the wettable
cathodes, becomes realized, it can revolutionize the aluminium production. This
means electrolysis is performed at temperatures of 700-750 ° with a short
interpolar distance which lead to the lowest possible energy consumption for
aluminium; oxygen will be evolved instead of CO; and emission of greenhouse
gases will be eliminated [17]. Although, this seems quite interesting but
considering the history of this field of research and the status of the current
activities, most likely this idea cannot become realized yet, at least not in the
near future.

1.2.3. Gas anodes

1.2.3.1. Introduction

Another alternative to the Hall-Héroult process is to apply a reducing gas for the
anodic reaction, i.e. to supply a reducing gas, such as methane (CHj4) to the
anode-electrolyte interface through a porous anode. Then, the overall reaction
will become:

Al,05(diss.) + 3/4 CH,(g) = 2AL(1) + 3/4CO, () + 3/2 H,0 (g) (10)

As can be seen from the stoichiometry of the above reaction, the amount of
generated CO; is half the amount produced in the current industrial process;
equation (1). This is a significant decrease in CO, emission from the electrolysis
cell. In addition, the emf of reaction (10) is 1.1 V at 960 °C which is slightly lower
than the emf of reaction (1) (1.2 V) at the same temperature [21]. Therefore, the
required energy for this process is same (or even less) than the Hall-Héroult
process.
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To have an effective reaction between the gas and the bath, the reducing gas
must be introduced to the electrolysis bath in a proper way. More precisely, an
electrochemical reaction must occur between the gas, the oxygen-containing
ions dissolved in the bath and the bulk of the anode (for the transfer of electrons
to the outer circuit). Therefore, the anode must be porous and permeable to
transport the gas effectively and also it must have a high electric conductivity to
transfer the current efficiently. The anodic reaction can be represented as
follows:

30% (diss.) + 3/4CH,(g) =3/4C0, (g) + 3/2H,0 (g) + 2e”(anode)  (11)

Therefore, a three-phase boundary must form between the bath, the gas and
the anode. The proper establishment of this three-phase boundary is vital and
necessary for the effective participation of the gas in the anodic reaction.

The porous anode can be inert or made from carbon. If it is made of a supposedly
inert material then either reaction (9) or (10) occurs at the anode. However,
when the anode is supplied with methane then most likely reaction (10) will be
the sole anodic reaction since its emf is 1 V lower than reaction (9).

Figure 1.2-1 (a) demonstrates such a case where a porous SnO;-based anode
was used for galvanostatic electrolysis of aluminium. During the first 100
minutes, the anode was supplied with firstly no gas and later Ar. So, only
reaction (1) could have been taking place at the anode. Later, the anode gas was
shifted to methane and as it can be seen the anode potential dropped which is
an indication of change in anodic reaction from reaction (1) to reaction (10).
However, due to an unknown reason (possibly disturbance of the three-phase
boundary) this depolarization did not last very long and the anode potential
increased again to its former value [22].

Here, it is necessary to make a clarification regarding the term “depolarisation”.
Depolarisation is defined as the partial or complete elimination of polarisation
of an electrode during electrochemical process by adding a compound
(depolariser) that is oxidized or reduced on an electrode [23]. If the methane
supplied to the anode during aluminium electrolysis is considered as a
depolariser then the consequent change in the anode potential can be referred
to as depolarisation. Yet, it must be bear in mind that such change in anode
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potential is a result of a new anodic reaction which is a thermodynamic
phenomenon.

Nevertheless, as it was emphasised earlier there is no sufficiently inert anode
material available at this date. So, a porous anode made of carbon seems to be
a more practical choice. But, when the anode is made of carbon both reactions
(1) and (10) might occur at the anode. This is because of the emfs of these
reactions are almost same. Therefore, reactions (1) and (10) will be competing
anodic reactions.

Figure 1.2-1 (b) presents two similar galvanostatic electrolysis experiments
where in one, Ar and in the other one, methane was used as anode gas.
Obviously, participation of methane in the anodic reaction led to a slight
decrease in anode potential. But, weight changes of the anodes after these
electrolysis runs showed that supplying the anode with methane led to 20%
lower anode carbon consumption; confirming the fact that both reactions (1)
and (10) were going on during the course of electrolysis with methane [22]. As
much as the reaction (10) dominates as the anodic reaction the reduction in CO,
emission would be larger and according to the stoichiometry of this reaction this
reduction can be up to 50% compared to reaction (1).

It is necessary to emphasise here that the reducing gas is not bound to be
methane. It can be any other suitable option. Hydrogen is one of the most
interesting reducing agents in metallurgical research and it can be used for this
purpose as well. In the case of hydrogen, the overall reaction will be:

Al,04(diss.) + 3H,(g) = 2Al(l) + 3H,0 (g) (12)

The emf of reaction (12) is equal to 1.28 V at 960 °C. And according to the
stoichiometry of this reaction 0.1 kg hydrogen is required to make 1 kg
aluminium [24].

1.2.3.2. The environmental challenge: Formation of excessive
hydrogen fluoride

Although using a gas anode for aluminium production reduces the greenhouse

gas emissions but, there exists also an environmental challenge with using such

anodes. Supplying the anode with hydrogen-containing reducing gases such as
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methane and hydrogen causes the formation of considerable amount of
moisture; see reactions (10) and (12).

This will lead to formation of gaseous HF according to the following reaction
[25]:

AlF;(diss.) + 3/2H,0 (g) = 3HF(g) + 1/2 Al,05 (diss.)  (13)

In addition, considerable amount of fluoride will be lost from the bath as a result
of this reaction. This has been reported in earlier studies as well [26].
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Figure 1.2-1: Anode potential vs. time during constant current electrolysis in molten
NasAlFs-AlF3-Al,03 (4.5 wt pct) at 1123 K (850 °C). (a) SnO,-based gas anode (0.1 A; 0.1 A
cm2); numbers in the figure corresponds to the gas flow rate, cm® min. (b) Carbon
based gas anode with the introduction of Ar and CH,4 (0.4 A; 0.5 A cm™) [22].
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In case of using hydrogen as gas anode, it can directly react with bath and as a
result, form hydrogen fluoride according to the following reaction:

AlF;(diss.) +3/2H, (g) = AL (1) + 3HF(g) (14)

Equilibrium calculations have been done for such reactions using Factsage
Thermodynamic software. These calculations showed that in general, HF
formation is enhanced by water; reaction (13). However, reactions between
hydrogen and bath will produce considerably less HF due to the fact that
aluminium is less noble than hydrogen (and methane) and therefore, reaction
(14) is forced to left side of the equilibrium [25].

Direct electrochemical reaction between hydrogen and bath may also occur as
follows:

NasAlFg(1) +3/2 H, (g) = AL () + 3NaF () + 3HF(g)  (15)

Emf of reactions (13) and (15) have been reported equal to 0.1 V and 1.74 V at
750 °C, respectively [24]. These values also confirm that direct reaction between
hydrogen and bath is less probable.

In comparison, using hydrogen as the gas anode removes all the CO, from the
products of electrolysis reaction whereas using methane will only reduce the
amount of CO, up to 50%. However, the amount of generated H,0 is two times
larger in the case of hydrogen; see reactions (10) and (12). Therefore, the
challenge with HF formation is much bigger especially, when considering other
probable reactions such as reaction (14).

1.2.3.3.  Suggested method to overcome the challenge: Closed fluoride
looping
As stated above, utilization of hydrogen-containing reducing gases for
aluminium production causes some problems. First, considerable amount of
gaseous HF is formed. Furthermore, fluoride content of the bath is reduced and
oxide-containing species are accumulated in the bath. It seems a conventional
gas scrubbing system currently used in aluminium plants cannot handle these
issues. To overcome these problems a modified cell design has been suggested.
In this design, the off gas from the electrolysis cell is directly fed to a fluorination
plant where it reacts with the Al,03 and forms AlFs. If all the fluoride from HF is
recovered by this method and Al,Os; is fed to the cell as the as-produced AlF;
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then, the bath chemistry will be stable and the ratio of Al,Os:AlF; will stay
balanced. This fluorination can be carried out similar to the commercial fluidized
bed AlF; plants. In these plants fluorination of Al,05 is done without considerable
fluoride emission. Hence, it is likely that this technology can be adapted for gas
anode aluminium production without causing major difficulties [25].

1.2.3.4. Previous studies

The idea of utilizing a reducing gas for the anodic reaction of aluminium
electrolysis dates back to late 50’s. Injecting methane to graphite anodes in two
series of experiments resulted in lowering the polarization voltage by 0.2 V on
average [27]. In another study, anodes made of different materials were tested.
Flushing methane to graphite anodes (50% porosity) was not successful due to
clogging of the anode by soot [28]. This is because of methane cracking and
carbon deposition inside the porous structure of anode. Flushing the graphite
anode by H; and CO led to some depolarization; though the carbon consumption
increased and the anodes disintegrated. Among different inert anodes that were
tested those made of magnetite showed higher stability. However, these anodes
eventually disintegrated after long time electrolysis [28]. In a similar study,
different reducing gases were tried. Supplying porous graphite anodes with
methane and hydrogen resulted in some depolarization. But, carbon monoxide
reacted only in the presence of catalysts and showed much less reactivity. It was
stated that due to high temperature of the process, methane decomposition
occurs considerably and methane can be considered electrochemically
equivalent to hydrogen. Considerable fluoride losses from electrolyte occurred
when hydrogen-containing fuels were used [26]. A US patent filed in 2000 used
the same idea of using a fuel gas, e.g. reformed natural gas, for electrowinning
of aluminium by using a non-consumable gas anode based on the type used for
Solid Oxide Fuel Cells (SOFC) [29]. Despite the potential advantages claimed for
this invention, later studies revealed that this type of anode is not suitable for
the cryolite-based electrolytes currently used in the aluminium electrolysis
process. The yttria-stabilized zirconia (YSZ) layer showed considerable solubility
in cryolite-based electrolyte and was not suitable for this application [30].
Another patent in this field is about a gas anode system using reducing gases for
metal (primarily aluminium) production. The anode is made of porous graphite
or another carbon-based material. The anode has the roles of both conducting
electricity and conveying and distributing the reducing gas. Different designs for
the gas anode system are suggested in this patent [21]. Lately, some studies
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were done at the University of Auckland, New Zealand, to use hydrogen for
electrowinning of aluminium. Porous anodes made of carbon with different gas
transport properties were tested. The anode reaction between hydrogen and
bath was confirmed. However, the carbon anode was also consumed during
electrolysis [31]. They also tried using hydrogen with inert gas anodes made of
a nickel alloy in a potassium-based electrolyte for production of aluminium.
Although a noticeable depolarization was observed, but the anode showed
relatively low stability [24]. Some research has been carried out at the
Norwegian University of Science and Engineering (NTNU) in recent years.
Previously, the studies were more focused on inert anodes. These anodes were
supplied with methane and hydrogen for metal electrowinning processes and
depolarization effect was observed in most cases [32-36]. More specifically,
Sn0,-based anodes and porous carbon anodes were used for aluminium
electrowinning with a modified electrolyte at 850 °C. When SnO;-based anodes
were supplied with hydrogen and methane depolarization was observed. In the
case of carbon anodes supplied with methane the depolarization was small and
the consumption of carbon was less when compared with experiments where
carbon anodes were supplied with Ar [22, 25, 37, 38].

1.3. Aim of the thesis

The main motivation of this work was to explore and study this alternative
anodic reaction for aluminium electrolysis; namely electrochemical oxidation of
methane by supplying graphite anodes. A former study, had shown that supply
of porous anodes with methane or hydrogen in electrowinning of metals in
molten salts leads to oxidation of these gases. This was well demonstrated by
change of anodic reaction and depolarization of porous inert anodes. The aim of
this study was to focus on methane-supplied graphite electrodes for aluminium
electrolysis. Thus, finding the influencing parameters of this process and the
desired properties of such graphite anode. And therefore, try to increase the
efficiency of this process. This means to provide the condition under which
oxidation of methane become the dominant anodic reaction.
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1.4. Anodicreactions
1.4.1. Anodic reaction in aluminium electrolysis

1.4.1.1. The main product and the competing reactions

As stated before, the overall reaction during the Hall-Héroult process results in
evolution of carbon dioxide at the anode surface and formation of liquid
aluminium at the cathode. Earlier, this reaction was given as equation (1) and
here it is presented again:

1/2 Al,05(diss.) + 3/4C(s) = Al (1) + 3/4C0,(g) (1)

However, in theory there are other possibilities for the anodic reaction; i.e.
evolution of perfluorocarbon gases (CF4 or C;Fg) or CO instead of CO,. Discharge
of fluoride ions is very unlikely, unless the bath close to the anode surface is
depleted of oxygen-containing ions; which provokes the so-called anode effect.
But, formation of CO instead of CO; is quite probable. The reaction of dissolved
oxygen-containing ions and carbon anodes which leads to CO formation can be
presented as the following equation:

1/2 Al,04(diss.) + 3/2C(s) = AL (1) + 3/2C0(g) (16)

The reversible potentials of equations (1) and (16) at 1000 °C are -1.19 and -1.07
V, respectively [39]. Thus, reaction (16) is thermodynamically more favourable.
This means that the so-called Boudouard reaction, presented below, is shifted
far to the right at this temperature:

C0,(g) + C(s) = 2C0(g) (17)

However, studies have shown that when current density is above 0.05 -0.1 A
cm? - as it is at normal current densities - the primary anode product is CO;
(equation 1). The reason is that the reaction occurs far from the equilibrium
state; and there is a considerable anodic overvoltage (around 0.5 V) at normal
current densities [40].

1.4.1.2.  Carbon consumption

Assuming primary CO, formation, the theoretical consumption is equal to 0.112
g Carbon /Ah according to reaction (1) while reaction (16), where CO is the main
anodic product, requires twice as much carbon as reaction (1) per Faraday.
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Formation of CO occurs at very low current densities (0.05 — 0.1 A cm?). As the
current density is increased on a positively polarised carbon anode the
Boudouard reaction ceases. However, it is not clear whether CO is the primary
product or it is still CO, followed by the Boudouard reaction. Secondary
reactions can occur between CO; and other reactants such as carbon dust in the
melt, the part of the anode notimmersed in the melt, and dissolved metal in the
electrolyte. Among all, carbon dust and the interior of the porous anode
structure are more significant. The oxygen partial pressure at these locations is
different from the surface of the anode. Therefore, the Boudouard reaction can
take place. There are different sources of carbon dust. However, the important
one in laboratory studies is the one the in which carbon is disintegrated from
the anode surface and is swept away into the melt [2].

1.4.1.3.  Anodic overvoltage

At normal current densities (0.6 - 1 A cm™) the anode potential is of the order of
1.5-1.8V, referred to the aluminium electrode, while the reversible potential is
1.2 V. Many researchers have studied the anodic reaction of aluminium
electrolysis and the results are widely scattered. However, in most cases the
results could be presented by Tafel plots where the Tafel coefficient was in a
wide range from 0.09 to 0.4 (or even higher up to 0.68). There exist many
reasons for the scattered results; the main reasons are quality of carbon
(graphite or amorphous carbon of industrial grade with different porosities), cell
design, gas bubble coverage, experimental set-up, the way of correcting for
ohmic resistance, carbon dust, and the anode shape [2].

Despite discrepancies in reported results, today the mostly agreed mechanism
of the anode reaction is a so-called ECE mechanism; two electrochemical steps
with an intermediate adsorption step [41, 42]. Such a mechanism has been
presented by the following reactions [41]:

AlL,O,F4~ + C > AlL,OF2™ + COqys + 26~ (18)

Al,0,FA™ + €044 — AlL,OFZ™ + CO, + 2e™ (19)

Though, the specific oxyfluoride species involved in these reactions are not
known [43, 44]. It is also widely accepted that the rate-determining step is
charge transfer with contributions of intermediate adsorption and desorption of
oxygen-containing surface compounds [2].
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The uncompensated anode potential measured versus a reference electrode has
been expressed by equation (20) [45, 46]:

Eanode,measured = E™® + |770| + 77; + Nh + 1. (R.:‘ + 6Rs) (20)

As can be seen, there are various parameters influencing the anode potential. In
this equation n. represents the concentration overpotential. The gas produced
at the anode also adds to the anode potential in two ways. The first effect is that
the gas bubbles block the anode surface and reduce the effective/active surface
area of the anode; as a result, the ohmic resistance is increased. This term is
denoted by 6R; in the above equation where R’s is the ohmic resistance in
absence of bubble screening. These together form the total series resistance: Rs;
in other words, Rs = R’s + 6Rs. The second effect of gas bubbling on anode
overpotential is due to the enlarged current density at the reduced surface area
of the anode. This contribution is observed as an increase in reaction
overpotential. The reaction overpotential of the anodic reaction in aluminium
electrolysis is a specific charge transfer overpotential relating to the electrode
reactions where intermediate adsorption/desorption plays a decisive role. The
additional overpotential due to reduced effective surface are caused by bubble
screening is commonly denoted hyperpolarisation, ns. In a similar
representation as for series resistance, n. = n’s + nn, where n’, equals the reaction
overpotential with no bubbles screening of the anode surface and n, is the total
reaction overpotential. The remaining parameters in equation (20) are £V and /
which are equal to the reversible potential of anode reaction producing CO,
(equation 1) and the current, respectively [45, 46].

1.4.2. Electrochemical oxidation of methane

1.4.2.1.  Natural gas - Methane

Natural gas is a mixture of combustible hydrocarbon gases. Though, it is
primarily composed of methane it may include ethane, propane, butane,
pentane and some other gases. The composition of natural gas can vary widely.
Table 1.4-1 gives the typical makeup of natural gas before it is refined [47].

In addition to natural gas, methane is also the main component of coal-bed gas
and biogas [48-50]. adding the recent discoveries of massive reserves of shale
gas [51], the availability of methane has extended far more than before.
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Table 1.4-1: Typical composition of natural gas [47].

Gas Composition Range
Methane CH,4 70-90%
Ethane CoHe

Propane CsHs 0-20%
Butane CsHio

Pentane and higher hydrocarbons CsH1a 0-10%
Carbon dioxide Co, 0-8%
Oxygen 0, 0-0.2%
Nitrogen N, 0-5%
Hydrogen sulphide, carbonyl sulphide H,S, COS 0-5%
Rare gases: Argon, Helium, Neon, Xenon Ar, He, Ne, Xe trace

It is an attractive energy source since it possesses higher energy content per
mass unit (= 55.7 kJ g?') compared to other hydrocarbons. Currently, the
predominant use of methane in the energy sector is via combustion [51].
Compared to conventional fossil fuels like coal and oil it is considered as a much
cleaner fuel since it is the least carbon-intensive fossil fuel; it yields only 45% of
the carbon dioxide emissions of coal. Consumption of natural gas will have the
largest increase in world primary energy production during the successive
decades [52]. From some aspects, it is a preferable fuel even more than
hydrogen, because it is abundant in nature and it can be easily exploited.

For the same reasons just mentioned above, methane has also been considered
as a reducing agent for many metal oxides [53-55]. Today, it is extensively used
in direct reduction (DR) processes of iron oxide. In such processes, the reduction
process occurs chemically [53].

1.4.2.2.  Electrochemical oxidation of methane

Natural gas is an important energy resource for electric power generation. Since,
it is the least carbon-intensive fossil fuel with abundant reserves it may serve as
the “bridge fuel” during the next several decades to transition into a low-carbon
economy. However, most of the current combustion-based power plants
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running on natural gas operate at efficiencies in the low 30 %, while the
efficiency of electrochemical conversion of natural gas is considerably higher (in
case of SOFCs the efficiency exceeds 60 %). Electrochemical conversion of
natural gas also reduces the CO, emissions by a factor of 2 [49]. Therefore,
methane has been considered as a feedstock for fuel cells. But, due to the high
stability of methane, direct electrochemical oxidation does not occur easily;
even at elevated temperatures [56]. Thus, in some cases methane first goes
through a reforming process (either externally or internally) to be converted to
CO and H; (syngas) and then, the gas mixture product is oxidised at the fuel cell
anode. This is the so-called indirect oxidation. Nevertheless, the electrochemical
oxidation of methane can be conducted directly; i.e. without any preceding
reforming process. There have been studies on direct electrochemical oxidation
of methane both at low and high temperatures.

Low temperature (60-150 °C) studies date back to the 60’s [57-59]. In one study
using an acidic sulphate electrolyte the electrochemical oxidation of methane
occurred on platinum electrodes at 80 °C and it was suggested that the reaction
proceeds as follows:

CH, + 2H,0 — CO, + 8H* + 8¢~ (21)

The results showed that the products were almost entirely composed of CO; and
water [60]. Later studies also considered the above reaction as the overall anode
reaction [61, 62]. The research on direct electrochemical oxidation of methane
has been performed mainly in acidic electrolytes and using Pt anodes [57-60,
63]; though in few studies other electrolytes were used [62, 64]. In conclusion,
direct electrochemical oxidation of methane at low temperatures is a slow
process; even on Pt electrodes [61] and activation of methane is challenging
[62]. Though, by using noble metals as electrocatalyst it seems activation of
methane is possible [63].

The devices that operate at elevated temperatures such as molten carbonate
fuel cells and solid oxide fuel cells (SOFC) are potentially more suitable to use
methane as the primary fuel [56]. But, even at high temperature direct oxidation
does not occur readily. In molten carbonate fuel cells running on methane, the
electrochemical oxidation of methane is done indirectly [65] and for SOFCs only
by employing suitable anode material and electrocatalysts direct oxidation of
methane is achievable. Nickel cermets exhibit superior performance as anode
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material and therefore, they are the most commonly used anode material for
SOFCs. However, it seems these materials incite carbon deposition from
methane (cracking) which leads to deactivation of the anode. Therefore,
alternative anode materials or structures for direct methane SOFCs have
become an active research area. Other candidate materials (e.g. some type of
perovskite oxides) must also be equipped with catalysts such as Pd, Pt, Ce and
Ni to perform efficiently [66, 67].

The full electrochemical oxidation of methane to CO, and water in SOFCs can be
expressed as below:

CH, + 40% - 2H,0 + CO, + 4V, + 8e’ (22)

In this expression O%; represents an oxygen ion in oxidation state-1l on an oxygen
site in the oxide electrolyte lattice and V"¢ is a vacant oxygen site with a charge
two times more positive than the lattice site. This is Kroger-Vink notation which
is used for identifying point defects [68]. This notation is here used whenever a
reaction involves materials with such defects.

However, reaction (22) requires an eight-electron transfer and this is not likely
to occur simultaneously in one step; especially when there exist competitive
pathways.

An alternative reaction pathway leads to CO formation:

CH, +30% - 2H,0 + CO + 3V, + 6e’ (23)

and this can be followed by water gas shift reaction:

which produces hydrogen that acts as a fuel.
In reaction (23) a total number of 6 electrons are transferred. For

electrochemical conversion of CH, this is still a big number to occur in one single
step. Therefore, this equation cannot represent an elementary reaction.

The other competitive reaction pathway to the direct electrochemical oxidation
of methane is the reforming reactions. In presence of water and at temperatures
above 600 °C steam reforming might take place:
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CH, + H,0 - 3H, + CO (25)

And the other competitor reaction is cracking of methane which leads to carbon
formation:

CH, - C+ H, (26)

The various reactions and processes such as electrochemical oxidation,
reforming and cracking will strongly be influenced by the (electro-) catalytic
properties of the electrode (anode) material [69]. On the other hand, it has been
shown that in addition to anode material, microstructure and operating
conditions are also important parameters for the activity of the anode.
Optimizing the process can even supress carbon deposition [66].
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Chapter 2

2. Experimental Techniques

In this chapter, the details of the experimental work are presented. All the
materials, apparatus and experimental techniques which are employed in this
study are introduced. First, the experimental setup for the electrochemical
studies is described. This includes the electrochemical cell, all the electrodes,
crucible and the furnace. Next, the graphite grades used in this study are
introduced and the anode assembly is described in detail. Then, gas analysis
apparatus and setup are explained which is followed by description of
electrolysis and electrochemical measurements. Finally, the studies related to
transport properties of the graphite grades are presented and the last section,
the electronic microscope which was briefly used in this research is introduced.

2.1. Setup

The schematic of the experimental setup is depicted in Figure 2.1-1. A
conventional three-electrode cell was used in this study. The electrochemical
cell was placed in a vertical tube furnace. The furnace was heated by resistance
wires and it was equipped with a temperature controller. A flow of nitrogen (50
ml min) was flushed into the furnace from the bottom to provide a controlled
atmosphere.

The anode was made of porous graphite and it was supplied with gas through a
steel tube entering the furnace from top. Carbon (graphite) crucibles Grafitdegel
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G330 Tokai, $90/76.5x130/126 mm were used. The bottom of the crucible acted
as the cathode/counter electrode during electrolysis and electrochemical
measurements. The inner wall of the crucible was lined with an alumina tube.
Using such a side-lining ensures a fixed cathode area and helps to maintain the
electrolyte saturated with alumina. The reference electrode was also inserted
into the cell from the top. The off gas exited from the furnace top through an
alumina tube which was connected to a gas cleaning and analysis system.

The anode gas, either nitrogen (AGA 99.95%) or methane (AGA 99.95%), was
introduced to the anode by a gas controlling panel. This is depicted in Figure
2.1-2.

Anode gas
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Alumina tube IS Steel tube
gas exit N-W—-u-n—-,n Reference
Alumina tube "“\ i / electrode
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Graphite anode —_ = :
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|t |
i (cathode)
|
|

Furnace gas flow (N;)

Figure 2.1-1: Schematic of the experimental setup.
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The gas flow was switched on and off by mechanical and electronic valves (Flow-
Teknikk AS). These valves were also used for adjustment of the flow rates of the
gases. A safe valve was placed after the joint of the anode gases tubes to prevent
any overpressure larger than 1.2 bars. The electronic valves were connected to
a computer and run by LabView software version 8.5 (National Instruments). By
using this software, the flow rates of the gases could also be adjusted.
Furthermore, it enabled monitoring the pressure, the temperature, and the cell
voltage. The pressure was measured before the anode. The temperature was
determined by a type S thermocouple (90%Pt/10%Rh—Pt, by weight) while it was
immersed in the bath.

2.1.1. Electrolyte and the reference electrode

The industrial electrolyte mainly consists of molten cryolite (NaszAlFg) to which
several additives are added to improve the physiochemical properties of the
melt. A typical industrial electrolyte contains 6-13 wt. % AlFs, 4-6 wt. % CaF,, and
2-4 wt. % Al,0s. In industry it is common to characterize the cryolite melt
composition by using the cryolite ratio (CR), which is defined as the molar ratio
of NaF and AlFs3 [2]. Many important properties of electrolyte such as solubility
of alumina and aluminium, liquidus temperature and electrical conductivity
depend on cryolite ratio. Therefore, by adjusting the cryolite ratio an electrolyte
with desirable properties can be achieved. This in return leads to higher current
efficiency. However, if the cryolite ratio is smaller or larger than the optimised
value then, either the cell performance will decline or the current efficiency will
decrease. In old cells, the cryolite ratio was high; 2.7. But this ratio has decreased
gradually and now in modern cells the cryolite ratio is 2.2 [70]. In the current
study, the electrolyte composition was chosen to be like the modern industrial
cells except that it was saturated with alumina.

The saturation concentration of alumina was calculated using the following
equation:

[A1,05]eae = A (55) (27)

1000

where
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A =119 — 0.062[AlF;] — 0.0031[AlF;]?> — 0.062[LiF] — 0.20[CaF,]

42[LiF] - [AlF;] (28)
— 0.048[MgF,] + 5500 [LiF] - [AlF;]

and

2.2[LiF]'5
10 + [LiF] + 0.001[AlF;]?

B = 4.8 — 0.048[AlF;] + (29)

where the square brackets denote weight percent of the components in the
system NasAlFs-Al,03 (sat)-AlFs-CaF,-MgF,-LiF and t is the temperature in
degrees Celsius [71].

Hence, an electrolyte with the following composition was prepared: 9.3 wt. %
AlF; (2 90%, rest mainly free Al,Os; industrial grade, Alcoa), 5.0 wt. % CaF; (2
99.8%, Merck), and 9.0 wt. % Al,Os (99.5%, Merck). The cryolite ratio was 2.3.
Using an alumina-saturated electrolyte minimized the attack of the electrolyte
on alumina materials used in the cell.

Batches of 250 g electrolyte with the as-mentioned composition were prepared
and poured into the graphite crucible. The crucible filled with electrolyte was
then placed in a drying cabinet at 120 °C for at least 24 h prior to electrochemical
measurements and electrolysis runs.

gas resource
electronic

\l/ valve valve

\l/ ¢ overpressure valve
CH >< o \l/
4

N\

X * to the anode

N X:O: valve pressure meter

Figure 2.1-2: Schematic of the gas transport system.
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Reference electrodes were prepared based on and similar to the WMH (Wetted
Molybdenum Hook) AI**/Al reference electrode reported by Burgman et al [72].
The reference electrode consisted of an @6/10x450 mm alumina tube (99.0%
Al,0s) with one closed end. This tube was filled with 0.5 g pure aluminium, small
cut pieces, which after melting made an aluminium pool at the bottom of the
tube. Another alumina tube (99.0% Al,03) @6/10x450 mm was placed inside the
larger tube. A #1.0 mm molybdenum wire (99.95% Mo), Goodfellow Cambridge
Ltd., was passed through the inner alumina tube. This inner tube served as the
sheath of the Mo wire. Around 5 mm of the Mo wire was left unshielded and the
gap between the alumina and the wire was sealed by Sauereisen Electrotemp
Cement No. 8. This unshielded portion of the wire was later completely
immersed in the aluminium pool. A small hole was made 20 mm above the
closed end of the outer alumina tube to enable the electrolyte entering the
reference electrode. The top part of the reference electrode was sealed by
silicon blue. The reference electrode is depicted in Figure 2.1-3.

It can clearly be seen that the Sauereisen Electrotemp Cement No. 8 sealed the
sheath-wire gap effectively and prevented the penetration of liquid aluminium
into the sheath (inner alumina tube). The Mo wire was wetted by aluminium and
its shape was unaffected during the experiment. This makes the reference
electrode more stable and reliable [72].

During the electrolysis run, the dissolved alumina was gradually consumed and
its content in the electrolyte close to anode gradually decreased. Since the RE
was made of alumina and it was also placed close to anode, the outer alumina
tube was dissolved to compensate the shortage of alumina. When the applied
current density was high this could result in severe dissolution of alumina tube
and possible failure of the reference electrode. Therefore, in some of the
experiments the reference electrode was slightly different. The outer part of the
RE consisted of a @6x50 mm boron nitride tube with on closed end and the other
end screwed on to a P6x450 mm stainless steel tube. The aluminium pool
formed at the bottom of the BN section, along with the shielded Mo wire were
placed inside the combined BN-steel tube. This type of reference electrode was
used when the current density during electrolysis was high.
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Figure 2.1-3: AP*/Al reference electrode used in this study.
2.2. Anode materials and assembly

2.2.1. Graphite grades

Different graphite grades purchased from various suppliers were tested in this
study to find the best material for the anode. These graphite anodes were tested
in electrolysis and electrochemical method measurements. Typical properties of
the graphite grades are presented in Table 2.2-1. These properties are provided
by the suppliers’ datasheets.

2.2.2. Anode assembly

The as-received graphite bars from the suppliers were cut into cylindrical pieces
of @20x25 or @20x20 mm to be used as anode. One such anode is shown in
Figure 2.2-1. A hollow steel tube was used both as the current collector and as
the carrier of the anode gas. Stainless steel tubes 316L (3.5/6x500 or
?3.5/6.35x500 mm were used for this purpose. A hole with @6 and 15-20 mm
long was drilled into the graphite cylinders. M6 threads were made in the hole
as well on the steel tube, so that cylindrical graphite and steel tube could be
screwed together. An empty space of 5 mm long was left in front of the steel
tube. The thickness of the anode bottom was ~3-5 mm. Figure 2.3-1 (a) and (b)
show the schematic and picture of the anode assembly.

A slightly different design was also tried in some of the electrolysis experiments.
In this design, the as-mentioned graphite cylinder was covered by another cup-
shaped graphite piece to minimize the gas escape from the anode assembly.
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Table 2.2-1: Typical properties of different graphite grades used in this study [73-76]

Grade Grade Specific Porosity Grain size  Supplier
No. name gravity (%) (1m)
(g/cm?)

1 G348 1.92 8 8 Tokai

2 G347 1.85 12 11 Tokai

3 EG-92E 1.75 16 800 Tanso

4 ™ 1.82 20 10 POCO

5 G140 1.7 20 1000 Tokai

6 KWPSY 1.6 20 20002 Tokai

7 PC-100 1.1 30 - Graftech

Figure 2.2-1: The graphite piece used as anode.

The cup-shaped graphite piece was made from a much denser grade (G348; see
Table 2.2-1) with very low air permeability to prevent the anode gas from
escaping from the anode assembly. This second anode assembly is presented in
Figure 2.3-1 (c) and (d).

2.3. Gas analysis

In this study for the analysis of the electrolysis cell off gas two instruments were
used. A tuneable diode laser (TDL) NEO LaserGas Il was used to analyse the levels
of H,O and HF in the raw gas. It was connected to a computer and the values
were read and recorded every 10 s. In some experiments a Protea LTD ProtIR

2 Maximum grain size [73] Graphite & carbon specialistes Tokai Carbon Europe.
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204M process analyser, which is an FTIR multi-component gas analyser was also
employed for analysis of other gas components in the off gas.

Figure 2.3-2 demonstrates a schematic of the experimental setup and the
instruments used in this study.

(a)

Steel tube

@6

M6 threads

Empty space

20

(c) (d)

Empty space M6 threads

30

Figure 2.3-1: The anode assemblies used in this study; schematics and pictures of the
anodes.
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Figure 2.3-2: A schematic of the off-gas analysis setup.
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The electrolysis off gas exited the furnace through an alumina tube @6 mm
which was placed about 10 cm above the electrolysis bath. Then, the gas was
transported from top of the furnace to a laser gas analyser through a PFA tubing
@1/4”. A flow of dry nitrogen (100 ml min?) was also flushed to the analyser
compartment of the instrument to dilute the off gas coming from the furnace.
Nitrogen was also flushed to the outer circuits of the laser to remove any
moisture from the transmitter and receiver compartments of the instrument.

After exiting from the laser instrument, the gas passed through a plastic
container of alumina beads (alumina scrubber). At this step, the HF was removed
from the gas. This is due to an irreversible reaction, aided by water, which leads
to adsorption of hydrogen fluoride on the alumina beads [2]. Then, the gas was
conveyed through tubes to the final gas ventilation duct.

In those experiments where the FTIR gas analyser was used, the off gas was
conveyed to this instrument after the HF cleaning step. A flow of dry nitrogen
(200-500 ml min?) was also mixed in with the gas stream before the FTIR
instrument to dilute the off gas. Finally, after exiting FTIR instrument the gas was
conveyed through tubes to the final gas ventilation duct.

All the connections between furnace, the analyser instruments and the final
ventilation duct were PFA tubing @1/4”.

2.4. Electrochemical methods

2.4.1. Galvanostatic electrolysis

The galvanostatic electrolysis experiments were mostly performed using an
Agilent 6032A DC Power Supply. This was equipped with LabVIEW software
version 8.5, National Instruments, for controlling the flow rate of the anode gas
and recording the cell voltage, temperature and the pressure before the anode.
In some experiments an Autolab potentiostat, PGSTAT20, was employed for
galvanostatic electrolysis. The potentiostat was operated with GPES (General
Purpose Electrochemical System) software (version 4.9, Eco Chemie B.V.
Utrecht, Netherlands) with an upper limit of 1 A. Therefore, an Autolab 10A
power booster was also utilized to perform electrolysis and electrochemical
measurements at higher currents. Galvanostatic electrolysis was carried out at
2.26, 2.51, 3.52 and 7 A and at different current densities. The desired current
density was set by dipping the anode in the bath. The depth of the anode in the
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bath exposed the desired geometrical surface of the anode to the bath and in
turn, determined the current density. This submerged area of the anode was
clearly visible after the experiments. It is noteworthy to mention that only the
apparent current density could be controlled since anodes were porous and the
real active surface area could not be determined in this way. All the electrolysis
runs were performed at 970 °C. After reaching the target temperature the
furnace contents could equilibrate for at least 1.5 h before starting the
electrochemical measurement.

2.4.2. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS)

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were also carried out using the as-mentioned Autolab potentiostat and power
booster. The impedance measurements were controlled by FRA (Frequency
Response Analyser) software (version 4.9, Eco Chemie B.V. Utrecht,
Netherlands) and for the cyclic voltammetry measurements the GPES software,
same as electrolysis, was used.

The electrochemical measurements were carried out in five steps: First,
impedance spectroscopy was run at open circuit potential (OCP) without
flushing any gas to the anode. This was followed by galvanostatic polarization of
the anode at 3.52 A (0.4 A cm?) for a period of 20 min while nitrogen was
supplied to the anode (20 ml min). As the third step, cyclic voltammetry was
performed at different scan rates (5-1000 mV s™) with and without supplying
gas (CH,) to the anode. Afterwards, multi-potential EIS measurements were run
both with and without supplying gas (CHs, 20 ml min) to the anode. Finally,
galvanostatic electrolysis was carried out as explained in the previous section.
The EIS was performed at frequency range 0.1 - 1.0x10° Hz with 20 mV,,, AC
amplitude.

2.5. Anode transport properties

As discussed in earlier chapters the transport properties of graphite anodes have
a key role in proper transport of reactants and products and also in establishing
the three-phase boundary between the gas, electrolyte and anode. Therefore,
gas permeation measurements and mercury porosimetry were carried out to
characterize the graphites regarding their transport properties.
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2.5.1. Air-permeability

The fluid flow through porous media has been formulated by Darcy’s law. This
law is expressed as:

K
V= —;(VP —pg) (30)

where V, u and p represent the average velocity, viscosity and density of the
fluid, respectively. K is the permeability, P is pressure, and g is the gravity vector.
This law relates the average fluid velocity to a morphological property of the
media; i.e. permeability. The concept of permeability of porous medium is a
measure of how easily a fluid flows through the medium. The permeability K
depends on the porosity ¢ of the medium. The porosity is the volume fraction
of the medium’s pore space.

When the porous media under study is isotropic, then a cylindrical core sample
is usually used to measure the permeability. According to Darcy’s law, equation
(30), the permeability can be measured if there is a single steady-state flow rate.
However, in order to minimize the experimental errors, it is better to do the
measurement at different pressure gradients, measure the volume flow rate and
estimate the permeability from the best straight-line fit of data. When the
permeability is measured by using a gas, then compressibility must be taken into
account. In such cases the following formulae is used:

K\ (P} — P}
u/\ 2P,L

where Vx(z)is the fluid velocity at point two (exit) and x is the direction of the
macroscopic flow [77].

The fundamental S| unit of permeability is meter squared (m?). The practical
units are darcy (d) and millidarcy (md). The conversions are as below [78]:

1 md =1x103d
1d=0.986923 umz

1 pum? = 1x101? m?
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The air permeability of the graphite samples was measured. For this purpose,
first a Carbon R&D RDC-145 Air Permeability apparatus was used; see Figure
2.6-1. This apparatus determines the air permeability by measuring the time that
a gas (air) needs to pass through a sample to refill a partly evacuated system.
The sample must be in shape of a cylinder @#50x50 mm. The results are
calculated by a microprocessor and presented on a display. It has been designed
for measuring baked carbon electrodes. Therefore, the sensitivity of the
detectors, the maximum possible vacuum and the units of measure has been
selected accordingly. This apparatus can measure the samples having
permeability in the range from 10 to 300 millidarcy [79].

However, the gas permeability of some of the graphite samples was out of range
of the RDC-145 Air Permeability apparatus. Therefore, another apparatus was
used for these samples. Obviously, both apparatus measure the gas permeability
based on same principles. Generally, for measuring gas permeability a gas with
a fixed flow rate is streamed through the porous sample and the consequent
pressure gradient generated over the length of the sample is measured. This
second apparatus has been made and developed in-house at the Department of
geoscience and petroleum, Norwegian University of Science and Technology
(NTNU), Trondheim, Norway. A schematic of this second apparatus is presented
in Figure 2.6-2. It consists of a cylindrical sample holder which is placed
horizontally; barometers for measuring the upstream and downstream
pressures, a flowmeter for measuring the flow rate at the downstream, and
needle valves for adjusting the flows and pressures. The graphite samples were
cut into cylinders of @1.5” to be fitted to the sample holder. In order to ensure
that the test gas is only streamed through the porous specimen, the graphite
sample was placed in a rubber sleeve before being placed in the sample holder.
In addition, a 15-bar pressure was applied to the rubber which makes the sample
— rubber sleeve connection completely gas-tight. This pressure was applied by
nitrogen gas from the cylinder; see Figure 2.6-2. After measurement of each
sample a partial vacuum was applied to the rubber sleeve which facilitated the
detachment of the sample. The air permeability was measured at different
positive inlet pressures, which were regulated by needle valves. After allowing
sufficient time for reaching the steady state, the upstream and downstream
pressures were recorded and the measurement was repeated at a different inlet
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pressure. This repetition minimizes the experimental errors and gives more
precise results.

2.5.2. Porosimetry

The pore size distribution of the graphite samples was determined by a mercury
porosimeter (AutoPore IV 9500, Micromeritics). This technique is based on the
intrusion of mercury into a porous structure under stringently controlled
pressures. This instrument can determine a broad pore size distribution (0.003
to 360 micrometres) [80]. The graphite samples were ~ 2 g. The graphite samples
had fractured surfaces to have a more accurate measurement since when
graphite is cut it might end up with smeared surfaces.

2.6. Microscopy observations (SEM)

After electrolysis, the graphite anodes were studied by Scanning Electron
Microscope (SEM) Hitachi S-3400 N. This was equipped with Energy-dispersive
X-ray Spectroscopy (EDS) Oxford Instruments INCA 7021.

TECHNICAL INFORMATION
» Measurement: Air Permeability [nPm]
» Power: 0.50 kW

» Electrical connection: 230V 1/N/PE, 50/60 Hz

» Configuration: Bench-top
» Weight: 53 kg
» Dimensions (LxWxH): 60x52x64cm

According to I1S0-15%06
Gauge RDC-1145
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Figure 2.6-1: Carbon R&D RDC-145 Air Permeability apparatus.
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Abstract

One of the major downsides of the current aluminium production process is the
high amount of CO, emission. One alternative is to replace the consumable
carbon anodes with inert anodes so that oxygen evolves instead of CO, and PFC
emissions. However, so far a sufficiently inert anode has not been found.
Another optionis to utilize natural gas through porous anodes. This will decrease
CO, emission remarkably and also eliminate PFC emissions and anode effect.
The porous anode could be made of carbon or it can be inert. However, the as-
mentioned problem still exists regarding porous inert anodes. Therefore, at the
moment porous carbon anodes seem to be the best practical option. In this
study, porous anodes made of different grades of graphite were used for
electrolysis experiments. Also, off-gas analysis was performed to get an insight
of the ongoing reactions. Our results show that for some types of graphite
anodes, methane participates effectively in the anodic reaction.

Introduction

In the current industrial aluminium production process (Hall-Héroult process)
consumable carbon anodes react with the oxygen-containing ions in the
electrolyte at the anode/electrolyte interface. As a result, a large amount of CO,
as the main gaseous product is emitted. The following reaction can be
considered as the overall reaction of the process [2]:

ALO; (diss.) + 3/2C (s) = 2A1 (1) + 3/2C02 (g) (1)

This large amount of generated CO, is one of the major weaknesses of
aluminium production process; since CO, is a greenhouse gas. To solve this
problem an inert anode can be used which changes the anodic reaction to
oxygen evolution. But a suitable material as an inert anode in the current
aluminium electrolysis process must fulfil several requirements [18]. There have
been only laboratory and bench scales tests to try inert anodes so far [19]. In
conclusion, a prospective industrial inert anode still seems to be unreachable; at
least in the near future.

Another possibility is to supply a reducing gas (e.g. CH,) to the anode/electrolyte
interface through a porous anode. Then, the gas participates in the anodic
reaction and the overall reaction changes from (1) to the one shown below:
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Al;0s (diss.) + 3/4CH4 (g) = 2A1 (1) + 3/4CO0; (g) + 3/2H20 (g) (2)

For supplying the gas, a porous anode must be used. The porous anode could be
made of carbon or an inert material. If it is made of an inert material, then
according to the stoichiometry of reaction (2) the amount of emitted CO, can be
decreased to half. However, as mentioned earlier a sufficiently inert anode has
not been found so far. Therefore, a porous anode made of carbon seems to be
a more practical choice at the present time. If the anode is made of carbon,
either of the two reactions can occur at the anode. The theoretical cell voltage
of reaction (2) is 1.1 V while for reaction (1) it is equal to 1.2 V at 1233 K (960 °C)
[21]. Therefore, thermodynamically reaction (2) is slightly more favourable. This
small difference in theoretical cell voltage is due to depolarization effect of
methane [21, 82]. Besides, utilizing the reducing gas, e.g. CHa, results in reduced
CO; emission. The degree of CO, emission reduction depends on which of these
two reactions dominates as the anodic reaction.

The idea of utilizing a reducing gas for the anodic reaction of aluminium
electrolysis has been tested before. Injecting of methane to graphite anodes in
two series of experiments resulted in lowering the polarization voltage by 0.3-
0.4V [27]. In another study [28], gas electrodes made of graphite (50% porosity)
were flushed with methane. But the anode was clogged by soot. When H, and
CO were used some depolarization was observed; though the carbon
consumption increased and the anodes disintegrated. Also, anodes made of
magnetite were used. They showed higher stability but eventually disintegrated
after long time [28]. In a similar study, porous graphite anodes showed
depolarization when methane and H, were used. It was mentioned that due to
high temperature of the process, methane decomposition occurs considerably
and methane can be considered electrochemically equivalent to hydrogen.
Carbon monoxide reacted only in the presence of catalysts and showed much
less reactivity. Considerable fluoride losses from electrolyte occurred when
hydrogen-containing fuels were used [83]. Lately, a study from New Zealand,
have reported use of nickel alloy hydrogen diffusion anodes tested in a
potassium-based electrolyte for aluminium production. Although a noticeable
depolarization was observed, the metallic anode showed relatively low stability
[24]. There are also a few patents in this field. One is a non-consumable gas
anode based on the type used for Solid Oxide Fuel Cells (SOFC). Although, this
anode is not suitable for the current aluminium electrolysis process, and could
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be utilized in a modified Hall-Héroult process [84]. The other patent is an anode
made of porous graphite or a carbon-based material. The anode has the roles of
both conducting electricity and conveying and distributing the reducing gas [21].

We have been working on this concept of reducing gas-supplied anodes for
aluminium electrolysis using porous anodes; both inert (e.g. Sn0,) and graphitic;
where methane and H, were chosen as reducing gases and a modified
electrolyte at 850 °C was used [82, 85, 86] Considerable depolarization was
detected when using Sn0O; anodes. Flushing methane through graphite anodes
also showed a tiny depolarization effect [82]. Due to probable dissolution of
Sn0; anode in the electrolyte, in the present study we have focused on graphite
anodes using an electrolyte similar to what is used in industry for production of
aluminium.

Experimental

The electrolyte composition was 6 wt. % AlF; (Noralf, Boliden Odda AS) and 5
wt. % CaF, (Merck, > 97 %), 4.5 wt. % anhydrous y-Al,O; (Merck, > 98 %) and
remaining NasAlFs (natural cryolite, Greenland). The cryolite ratio was 2.5 and it
was saturated with alumina. Figure 3.1-1 illustrates the schematic of the
experimental set-up. A graphite crucible contained the electrolyte. The walls of
the crucible were lined with alumina and its bottom served as the cathode. A
hollow steel tube screwed to the porous carbon anode was used as current
collector. The anode and cathode were positioned horizontally in respect to
each other. A molybdenum wire (Norsk Spesialmetall, 99.9 pct) wire (1 mm@)
was used as the current collector. The wire was passed through an alumina tube
and both were placed into another alumina tube. The outer alumina tube
contained aluminium at the bottom. There was a small hole near the bottom of
the outer alumina tube where electrolyte could enter the reference electrode.
The whole system served as an AI**/Al reference electrode. All of the potentials
were measured versus this aluminium reference electrode. The crucible
containing the bath was dried in air at 120 °C overnight. Furnace and bath were
also dried at 200 °C in N, for a few hours before heating up the furnace to the
working temperature at 970 °C. The furnace was continuously flushed with Na.
The inlet gas composition for the anode was controlled using mass flow
controllers (Bronkhorst) and the inlet gas pressure was measured. The whole
electrochemical cell was placed in a vertical tube furnace heated by resistance

46



wires, and connected to a temperature controller. The gases were flushed into
the porous anode with the gas flow equal to 20 ml min™.

Galvanostatic electrolysis experiments were performed using porous anodes
made of three different graphite grades (Tokai Carbon Group). Some of the
properties of graphite grades used for preparing anodes are given in Table 3.1-1.
Each experiment was started by applying a constant current of 2.3 A to the cell
- corresponding to an apparent current density of 0.4 Acm — while N, was
passed through the porous anode for the first 45 min of the electrolysis time and
afterwards changing the gas to CH4; and continuation of the electrolysis for 4 h
(total time: 285 min). This procedure enabled us to detect if there is any
depolarization upon introduction of the CH, to the anode. Also, another series
of electrolysis experiments were carried out without using methane for
comparison and in order to have a better insight of the process and for
comparison. In this series, only nitrogen was flushed into the anode; while the
rest of the experimental conditions were unchanged.

Anode gas

|

\'

Exhaust gas <:=1 ; Molybdenum wire

Alumina tube Steel tube
gas exit \
T - Reference
Alumina tube [' electrode
shield  —————_ Il J| _ ,/___1 o
é_/ / Graphite crucible
|
Graphite anode ___| F] |
|
- M > | Crucible bottom
Alumina lining L } /’__,T (cathode)

Figure 3.1-1: Schematic of the electrolysis cell.
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Table 3.1-1: Typical properties of different graphite grades [73]

Grade Specific gravity Porosity Grain size

name (g/cm?) (%) (um) Grade

G347 1.85 12 11 Isotropic
G140 1.7 20 1000 Moulded
KWPSY 16 20 2000" Extruded

IMaximum grain size

The weight of the anodes was measured before and after each experiment to
check the consumption of the anodes and it was compared with the theoretical
values. The graphite anodes were studied by Scanning Electron Microscope
(SEM, Hitachi S-3400 N).

Results and Discussion

Table 3.1-2 summarizes the consumption of the porous graphite anodes in
electrolysis experiments. The theoretical consumption based on reaction (1), i.e.
assuming that CH4 does not take part in the anodic reaction, is 1.2 g. As it can be
seen, the isotropic graphite (G347) behaved quite differently compared to two
other grades. There was a significant change in weight loss of the anode during
electrolysis when CH; was supplied through G347 compared when N, was
supplied through the anode. The moulded (G140) and extruded (KWPSY) grades
were also consumed slightly less, when CH4 was flushed into the anode but the
difference is less significant compared to G347. It seems when isotropic grade
was used, CH, participated in the anodic reaction remarkably, while for the two
other grades anode consumption is almost equal to the theoretical value. For
the extruded grade anode (KWPSY) with and without CH,4, the difference in the
weight loss is not very small. But this is due to the fact that this anode showed a
higher consumption when N; was used, compared with two others. The reason
for this is not clear at the moment.

Generally, the amount of anode consumption is expected to be higher than the
theoretical value. In industry, the carbon consumption is around 110-120 % of
the theoretical value. This is due to the unwanted consumptions of anode such
as CO; burn (Boudouard reaction) especially when the gas penetrates into the
pores of the anode, air-burn, and dusting [2]. Unlike the industrial anodes, the
anodes used in this study were porous. Higher porosity enhances the Boudouard
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reaction even more effectively [2]. So, higher consumption of porous anodes
was expected in these cases.

However, it is seen here that for all the graphite grades when CH,4 was applied,
the weight loss was less than theoretical consumption. Hence, it is likely that CH,4
was involved in the anodic reaction - at least to some extent - for all graphite
grades. This conjecture sounds more probable when we consider the probable
thermal cracking of CH; resulting in precipitation of carbon in the porous
structure of the anode. Methane becomes unstable in terms of its elements
from 530 °C. However, the reaction kinetics is slow. The equilibrium constant for
cracking of methane is around 87 at T = 970 °C [87]. Therefore, this reaction is
most likely to happen in our experiments, at least to some extent. Precipitated
carbon can add to the final weight of the anodes. One experiment was
performed to check this, where all the conditions were unchanged, except that
no current was passed. So, the sole factor influencing the anode weight was the
amount of carbon precipitation. It was found that around 0.2 g carbon was
precipitated in 4 h (the same time CH; was flushed into anodes during
electrolysis experiments).

Consequently, the amount of graphite consumption was probably even less than
the values reported in Table 3.1-2. This means that methane has been involved
in the anodic reaction even more. Apart from the electrochemical reaction and
cracking reaction, there exists another factor which might have changed the
anode weights. This is the electrolyte which enters the porous structure of the
graphite during electrolysis and can add to the final weight of the anode.

Table 3.1-2: The consumption of graphite anodes when supplied with only N, and when
supplied with N, + CH,4 during electrolysis in cryolite-based electrolyte at 970 °C for 285
min. The theoretical consumptionis 1.2 g.

Graphite type Anode gas Weight loss (g) Consumption (%)
) N, + CHg4 0.67 56
Isotropic (G347)
N> 1.28 107
N3+ CHq4 1.15 96
Moulded (G140)
N> 1.24 103
N3+ CHq 1.16 97
Extruded (KWPSY)
\P3 1.4 117
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However, this seems to be negligible since in all the experiments when the
electrolysis was finished the anode was pulled out of the bath and was flushed
with N; for 1 hour. This caused the remained electrolyte, if some, to be pushed
out of the anode. SEM studies of the graphite anodes also confirmed that the
graphites structure was essentially electrolyte free after the experiments.

Figure 3.1-2, shows the pressure measured before the anode, upon introduction
of gas (N3) to the anode for different graphite grades. As can be seen, different
graphite grades behaved differently when the gas (N,) was introduced into the
anode. This was before submerging the anode into the salt bath and the anode
was placed 2 cm above the melt. The isotropic grade showed the largest
pressure increase, around 0.5 bars, the moulded grade showed less increase,
around 0.25 bars; while the extruded grade did not show any pressure increase.
This difference can be attributed to the large difference in grain/pore size of
these graphite grades. The pores in the extruded grade were large enough to
avoid any resistance for the flow of the gas.

Figure 3.1-3 shows the cell potential and pressure changes during aluminium
electrolysis using isotropic grade (G347) anode for two different experiments.
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Figure 3.1-2: Measured pressure before the anode, upon introduction of gas (N,) to the
graphite anode for different graphite grades; Solid line: Isotropic (G347), dotted line:
Moulded (G140) and dashed line: Extruded (KWPSY).
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Figure 3.1-3 (a) when only N, was supplied through the anode and Figure 3.1-3
(b) when N, was supplied through the anode 45 min prior to introducing CHs. In
the second case, the electrolysis continued for 4 more hours. As can be seen,
when only nitrogen was supplied to the anode, the potential increased gradually
during the electrolysis, but the pressure remained constant.
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Figure 3.1-3: Potential and pressure changes during aluminium electrolysis for two
experiments where in (a), only N> and in (b) N, + CH,; were flushed into the porous
anodes. Anode was made of isotropic graphite (G347). 1=0.4 A.cm, T=970 °C.
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This is due to the consumption of graphite resulting in decrease of surface area
and consequently increased current density. This is in agreement with previous
studies demonstrating an increase in the anodic overvoltage when current
density is increased [88]. A rough calculation demonstrates that the change in
the surface area was noticeable. The surface area prior to electrolysis was 6.28
cm? and the approximate value for the final surface area was: As = 5 cm?. The
final surface area was calculated based on the geometrical surface of the anode
after electrolysis. Assuming the change in surface area and a constant current
the apparent current density increased from 0.37 A.cm™ to 0.46 A.cm™ during
electrolysis.

However, when CH; was introduced to the anode the potential became stable
and it remained almost constant throughout the electrolysis period. The vertical
lines in Figure 3.1-3 (b) represent the time when the gas anode was shifted from
nitrogen (dashed line) to methane (solid line). There was an abrupt increase and
decrease in pressure which is because of supply of both gases during the shifting
time. After that as can be seen, introduction of methane to the anode caused a
gradual pressure increase which lasted as long as methane was flushed; i.e. until
the end of electrolysis. This is due to carbon precipitation from the cracking
reaction of methane. If the electrolysis had continued for a longer time, it might
have led to clogging; as observed earlier in another study [28].

The change in cell voltage agrees with the weight loss data (Table 3.1-2). It is
clear that methane was significantly involved in the anodic reaction, so the
potential was stable and did not increase. However, the problem of clogging
might prevent long term electrolysis. A suitable anode design could possibly
prevent the probable and undesirable clogging. There is a small difference in the
cell potential in the beginning between these two experiments, although the
anodes were similar and both experiments were started by supplying N, to the
anode. The reason is not clear.

The potential and pressure changes for the two other graphite grades (G140 and
KWPSY) are illustrated in Figure 3.1-4; both when there was only N, Figure 3.1-4
(a), and when CH4 was also used as the gas anode, Figure 3.1-4 (b) and (c). As
can be seen, when N; was introduced through the anode the potential showed
the gradual increase during electrolysis as also observed for isotropic grade
Figure 3.1-4 (a); which was due to increased current density.
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In contrast to the isotropic grade (G347), Figure 3.1-3 (b), providing the anode
made of the other two graphite grades with methane, did not change the
potential behaviour, Figure 3.1-4 (b) and (c). The potential behaviours were
similar to the experiments where only N, was flushed to the anode, Figure 3.1-4
(a). So, it suggests that the contribution of the methane in the anodic reaction
was not significant in these cases and this is in agreement with results from the
weight change results. Moreover, by comparing the cell voltage during
electrolysis between the isotropic grade and the two other grades, it is revealed
that the potential fluctuations were much less pronounced. The observed
fluctuations in cell voltage can be due to bubble formation when introducing the
gas though the anode. It is assumed that smaller grain pore size due to smaller
grain size will result in smaller bubble sizes which finally will result in weaker
fluctuations in the cell voltage.

Pressure changes are also shown for the experiments were CH, was used as
reducing gas, Figure 3.1-4. It is clear that in the case of moulded grade, Figure
3.1-4 (b), similar to isotropic grade (G347), carbon precipitation led to pressure
build up; although to a lower degree. However, the extruded grade, Figure 3.1-4
(c), did not show any pressure build up. This can be attributed to the larger
grain/pore size of this grade, as mentioned before.
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Figure 3.1-4: Potential and pressure changes during aluminium electrolysis where only
N, (a), or N, + CH; were flushed into the porous anodes made of moulded (b), and

extruded (c) graphite grades. 1=0.4 A.cm, T=970 °C.

The pressure changes during electrolysis for these grades are consistent with
those observed upon introduction of gas to the anode, Figure 3.1-2. In the
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experiments were only N, was used no pressure build-up was observed; since
there was no carbon precipitation from the gas.

Figure 3.1-5 shows micrographs of fracture surfaces of the extruded (KWPSY)
and isotropic (G347) graphite grades after electrolysis in cryolite-based
electrolyte for 285 min at 970 °C; i = 2.3 A. For the extruded grade Figure 3.1-5
(a) and (b)) it is clear that there was no electrolyte left inside as little elemental
contrast is observed in the back scattered electron micrograph after electrolysis
and consecutive N, flushing. This grade is quite coarse as can be seen in the
images. Figure 3.1-5 (c) and (d) show fracture surface areas from and isotropic
(G347) graphite grade. This grade is much finer. There are small amounts of
electrolyte left inside the structure very close to outer surface. Chemical analysis
confirmed that the second phase is electrolyte. This might be due to smaller size
of pores and finer structure of graphite which hinders the exit of electrolyte from

the anode. Nevertheless, this amount seems to be negligible regarding the
weight change of the anode.

Figure 3.1-5: SEM images of porous anodes. (a) SE and (b) BS image (extruded grade). (c)
SE image, (d) BS image (isotropic grade).
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Conclusion

In conclusion, the isotropic graphite grade (G347) showed a better performance
as a gas anode compared to the moulded and extruded grades. From the weight
change results and potential behaviour, it is clear that methane participates in
the anodic reaction in a large extent when isotropic grade was used compared
to the two other grades of graphite. The fact that isotropic grade behaved
differently from the two others is mainly due to the much finer structure. It
seems the finer grain/pore of the isotropic grade provided a better gas
distribution and the three-phase boundary was well established. Further studies
including off-gas analysis which can confirm our findings is undergoing.
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Abstract

Industrial primary production of aluminium has been developed and improved
over more than 100 years. The molten salt electrolysis process is still suffering
from low energy efficiency and considerable emissions of greenhouse gases (CO;
and PFC). A new concept has been suggested where methane is supplied
through the anode so that the CO, emissions may be reduced significantly, the
PFC emissions may be eliminated and the energy consumption may decrease
significantly. Porous carbon anodes made from different graphite grades were
studied in controlled laboratory experiments. The anode potential, the anode
carbon consumption and the level of HF gas above the electrolyte were
measured during electrolysis. In some cases, it was found that the methane
oxidation was effectively participating in the anode process.

Introduction

Aluminium is produced by the Hall-Héroult process, which was patented
independently by Hall and Héroult in 1886. The overall primary cell reaction is:

Al,05(diss.) + 3/2C(s) = 241 (1) + 3/2 C0,(g) (1)

Alumina is dissolved in a molten fluoride electrolyte based on cryolite (NazAlFs)
containing AlF; and CaF; [2]. Modern cells are equipped with so-called prebaked
carbon anodes and operate at ~955 °C in a horizontal electrode design. The
theoretical anode carbon consumption is 333 g per kg Al, and consumed anodes
must be replaced. Research to find inert anodes for oxygen evolution has not
been successful. An alternative is to supply natural gas (methane) through the
anode, which will give the following cell reaction:

Al,05(diss.) +3/4CH,(g) = 2Al(1) +3/4C0, (g) +3/2H,0 (g) (2)

The reversible cell potentials of reactions (1) and (2) are very similar; the
standard potentials are ~1.2 V. The use of methane will reduce the amount of
CO, evolved by up to 50 %, and the anode process will occur at a lower anode
potential due to the very low overvoltage. In principle, methane oxidation will
eliminate replacement of anodes and the so-called anode effect which leads to
the formation of PFC gases (CF4 and C,F¢) that are strong greenhouse gases. The
main challenge related to the use of methane in this process is the formation of
water vapour which may lead to the presence of HF gas. Consumption of carbon
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anodes according to reaction (1), the yield of methane consumption in reaction
(2) and possible cracking of methane are other important issues.

The anodic overvoltage during industrial aluminium electrolysis is quite high,
about 0.4 V at ~0.7 A/cm? for so-called prebaked anodes [2]. At lower current
densities, there is a linear relationship between anodic overvoltage and log
current density.

Considerable research has been carried out to develop an inert oxygen evolving
anode to replace the consumable carbon anode [90]. So far, no inert anode
material has been developed for industrial operation. The most promising inert
anode candidates have been based on tin oxide and nickel ferrite. In the case of
using an inert anode the cell reaction will be the following:

Al,05(diss.) = 2AL (D) +3/20,(g) 3)
The reversible potential of reaction (3) is ~2.2 V.

Studies of so-called gas anodes for electrowinning in molten salts have been
reported to some extent. Porous carbon was mainly used as the anode and a
small depolarisation effect was observed in molten cryolite for aluminium
electrolysis [26-28]. Magnetite has also been studied as the anode, but it was
found to be unstable in molten cryolite during electrolysis. The use of hydrogen
as an anodic reactant in porous or non-porous non-carbon electrodes, including
metallic, metal oxide and refractory materials, was reported in a US patent in
1972 [91]. In 2000, another US patent on designing a non-consumable anode of
the type used for solid oxide fuel cells (SOFC) with solid oxide membrane
supplied with reformed natural gas was suggested for aluminium electrolysis
[29]. More recent papers [92-94] are related to applying the solid oxide
membrane technology to produce metals from their oxides in molten salts, with
the introduction of hydrogen. A similar approach was applied in magnesium
production in molten chlorides resulting in the depolarisation effect and the
formation of HCl gas [95]. In addition, a thermodynamic analysis considering
carbon and nickel-based hydrogen diffusion anodes in the electrolyte (NasAlFs-
AlFs-Al,03) was carried out to identify optimum operating parameters in
aluminium production in 2007 [96] and a nickel-based hydrogen diffusion anode
was used in an experimental study of aluminium electrowinning, showing
measurable depolarization of the anode potential in 2011 [24].
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The concept of applying gas anodes has not been fully implemented in industrial
electrolysis processes. The research has mainly been focused on the use of
porous carbon anodes and the type of SOFC with a zirconia-based solid
membrane. For carbon anodes, there are competing reactions between carbon
and reducing gases on the anode, resulting in partly consumption of the anode.
The unacceptable dissolution of zirconia-based materials in molten cryolite is an
obstacle for using SOFC-type inert anodes for aluminium electrolysis [30].
Therefore, a type of stable inert anode material is needed.
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Fig. 3.2-1 Anode potential (a) and cell voltage (b) versus time during constant current
electrolysis (0.2 A; 0.2 A cm™) using a porous SnO,-based anode in molten NaszAlFs-AlFs-
Al;O3 (4.5 wt. %) at 850 °C.
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In a more recent activity the depolarisation effect of hydrogen and methane was
demonstrated in laboratory experiments [33-35]. The authors have
demonstrated the depolarisation effects of Pt and SnO,-based gas anodes (H>)
in molten chlorides as a model system for further studies in more corrosive
molten cryolite [33-35]. Fig. 3.2-1 and Fig. 3.2-2 show results obtained during
electrolysis in molten cryolite-alumina based electrolytes at 850 °C [36]. The
depolarising effect of methane was demonstrated both for galvanostatic and
potentiostatic electrolysis. It was found to be challenging to maintain the
depolarising effect over long time, more than ~30-60 minutes.

In a recent paper [25] the production of HF was studied by gas analysis during
electrolysis in molten cryolite-alumina electrolytes using porous SnO, inert
anode with methane supply. High levels of HF were detected (up to 0.2 wt. %)
during depolarising of the anode. It was suggested that the HF problem could be
resolved by capturing the produced HF and let it react with alumina to form AlF;
which could be fed back to the cells to make up for the loss of electrolyte in the
hydrolysis reaction [25]. It was also shown that hydrogen gas supply gave a
similar depolarising effect.

Methane is an attractive oxidiseable gas due to its relative abundance, high
purity and low price. In this paper, porous carbon anode materials with the
introduction of methane were used and studied as the gas anodes during
aluminium electrolysis in laboratory experiments.

However, methane may undergo cracking especially at higher temperatures.
This will cause the formation of carbon which may precipitate at fill up the pores
of the carbon anodes. Cracking of methane will take place according to the
following reaction scheme:

2CH,(9) » GoHs (9) + Ha2(9) “4)
C2He(g) = CoH, (9) + Ha(9) )
C2Hu(g) = CoH, (9) + Ha(9) 6)

C2H(9) = 2C (s) + H2(9) Q)

Decarburation may occur as follows:
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2CH,(g) = 2C (s) + 4Hz(g) ®)

Reaction (5) is not complete at temperatures lower than 1350 °C without the
use of a catalyst such as nickel.

The presence of CO; may change the methane reaction according to:

CH4(g) + C0,(9) = 2C0 (g) + 2H,(9) €)

Small amounts of moisture are introduced to the electrolyte by surrounding air
and alumina. This will cause the formation of gaseous HF according to the
following reaction:

AlF;(diss.) +3/2 H,0 (g) = 3HF (g) + 1/2 Al,05(diss.) (10)

Using a methane oxidising anode will cause the formation of a significant
amount of moisture according to reaction (2). This may represent a major
challenge for the gas anode concept if high amounts of HF are produced.
Another concern is the consumption of electrolyte in the form of AlFs.
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Fig. 3.2-2 Current versus time during electrolysis at constant anode potential (2.2 V;
apparent anode area, 1 cm?) using a porous SnO,-based anode in molten NasAlFg-AlFs-
Al,O3 (44 wt. %) at 850 °C.
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Experimental

The electrolyte composition was NasAlFs (natural cryolite, Greenland) with an
excess of 6 wt. % AlFs (Noralf, Boliden Odda AS) and 5 wt. % CaF, (Merck, > 97
%) in addition to ~4.5 wt. % anhydrous y-Al,03 (Merck, > 98 %). The amount of
alumina was close to saturation. The electrolyte composition is close to the
electrolyte commonly used in industrial aluminium electrolysis. Fig. 3.2-3 shows
the schematic of the experimental setup. The electrolyte was contained in a
graphite crucible with a lining of sintered alumina, while the bottom of the
crucible was the cathode. A hollow steel tube attached to the porous carbon
anode was used as the current collector. The anode and cathode were
positioned horizontally with respect to each other. A Mo wire (Norsk
Spesialmetall, 99.9 pct, 1 mm@) was used as the current lead. The wire was
passed through an alumina tube which was placed inside another alumina tube
with a closed bottom. The closed tube contained aluminium at the bottom, and
was fitted with a hole above the metal so that electrolyte could enter. The whole
system served as an AI**/Al reference electrode. All potentials were measured
against this aluminium reference electrode. The crucible containing the bath
was dried in air at 120 °C overnight. The furnace and the cell with electrolyte
were also dried at 200 °C in N, for a few hours before heating up the furnace to
the working temperature at 970 °C. The furnace was continuously flushed with
N,. The inlet gas composition for the anode was controlled using mass flow
controllers (Bronkhorst) and the inlet gas pressure was measured. The whole
electrochemical cell was placed in a vertical tube furnace heated by resistance
wires, and connected to a temperature controller. The gases were purged into
the porous anode with a gas flow equal to 20 ml min™. Galvanostatic electrolysis
experiments were performed using porous anodes made of three different
graphite grades. Some of the properties of the graphite grades used for
preparing anodes are given in Table 3.2-1.

Table 3.2-1: Typical properties of different graphite grades [73]

Grade Specific gravity Porosity Grain size Grade
name (g/cm’) (%) (nm)

G347 1.85 12 11 Isotropic
G348 1.92 8 8 Isotropic
G140 1.7 20 1000 Moulded
KWPSY 1.6 20 20001 Extruded

IMaximum grain size
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Each experiment was started by applying a constant current of 2.3 A to the cell,
corresponding to an apparent current density of 0.4 Acm, while N, was passed
through the porous anode for the first 45 min of the electrolysis time and
afterwards changing the gas to CHs and continuing the electrolysis for an
additional time of 4 h. This procedure made it possible to detect if there was any
depolarisation due to the oxidation of methane at the anode. Also, another
series of electrolysis experiments was carried out without using methane to
have a better insight of the process and for comparison. In this series, only
nitrogen was purged through the anode; while the rest of the experimental
conditions were unchanged.

Anode gas
A%
: Molybdenum wire
Exhaust gas ﬁ
Alumina tube 1 Steel tube
gas exit
Reference
Alumina tube electrode

shield

Graphite crucible

A\

Graphite anode —

Crucible bottom
= (cathode)

Alumina lining —

Furnace gas flow (N,)

Fig. 3.2-3 Sketch of the experimental electrolysis cell.
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The weight of the anodes was measured before and after each experiment to
check the consumption of the anodes and it was compared with the theoretical
values. The graphite anodes were studied by Scanning Electron Microscope
(SEM, Hitachi S-3400 N).

A new anode concept was designed in order to try to improve the methane
oxidation reaction in more recent experiments. A denser graphite (G348, Table
3.2-1) with low permeability was used to shield the main graphite anode (G347,
Table 3.2-1). The new anode is shown in Fig. 3.2-4.

Results and Discussion

The desired situation is when methane oxidation, reaction (2), is the only anode
process. In this case the anode potential will be considerably lower than the
anode potential during normal electrolysis due to the high overvoltage during
normal electrolysis without supplying methane. In reality, these two oxidation
reactions will take place at the same time, and the carbon anode will be
depolarised based on the partial current densities of these two reactions.

€—— Tube @6

G348
G347

35

Lo

% 25
20

30

Fig. 3.2-4 Sketch of a new anode design with two different graphite grades. The values
in the figure are in millimetre.
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Table 3.2-2 gives the consumption of the porous graphite anodes in electrolysis
experiments. The theoretical carbon consumption based solely on reaction (1)
is 1.2 g. The isotropic graphite (G347) was found to behave quite differently
compared to the other grades. There is a significant change in weight loss of the
anode during electrolysis when CH; was supplied through G347 compared to
when N; was supplied through the anode. The moulded (G140) and extruded
(KWPSY) grades were also consumed slightly less, when CH, was flushed into the
anode but the difference is less significant compared to G347. It seems when
isotropic grade was used, CH, participated in the anodic reaction remarkably,
while for the two other grades the anode consumption was almost equal to the
theoretical value. The weight loss difference of the extruded grade anode
(KWPSY) with and without CH4 is not very small. But this is due to the fact that
this anode showed a higher consumption when N, was used, compared with the
two others. The reason for this is not clear at the moment.

Generally, the anode carbon consumption is expected to be higher than the
theoretical value. This is due to other anode carbon consumption reactions such
as CO; burn (Boudouard reaction) especially when the gas penetrates into the
pores of the anode, air-burn, and dusting [2]. Dusting, which means that
unreacted carbon particles detach from the anode, is not believed to be an
important issue in controlled laboratory experiments.

However, it is seen here that for all the graphite grades when CH,4 was applied,
the weight loss was less than the theoretical consumption.

Table 3.2-2: The consumption of graphite anodes when supplied with only N, and when
supplied with N, + CH,4 during electrolysis in cryolite-based electrolyte at 970 °C for 285
min. The theoretical consumptionis 1.2 g.

. Weight loss Consumption
Graphite type Anode gas .
(8) (%)
. N3+ CHy 0.67 (0.87) 56 (73)
Isotropic (G347)
N 1.28 107
N3+ CHy 1.15(1.35) 96 (113)
Moulded (G140)
N2 1.24 103
N2+ CH4 1.16 (1.36) 97 (113)
Extruded (KWPSY)
N2 1.4 117
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Hence, it is likely that CH4 was involved in the anodic reaction - at least to some
extent - for all the graphite grades. This conjecture sounds more probable when
we consider the likely thermal cracking of CH,4 resulting in precipitation of carbon
in the porous structure of the anode. Methane becomes unstable in terms of its
elements from 530 °C. However, the kinetics is slow. The equilibrium constant
for cracking of methane is 87 at T = 970 °C [87]. Therefore, this reaction is most
likely to happen in our experiments, at least to some extent.

Precipitated carbon can add to the final weight of the anodes. One experiment
was performed to check this, where all the conditions were unchanged, except
that no current was passed. So, the sole factor influencing the anode weight was
the amount of carbon precipitation. It was found that around 0.2 g carbon was
precipitated in 4 h (the same time CH; was flushed into anodes during
electrolysis experiments). This suggests that the real carbon consumption was
more than the values reported in Table 3.2-2. By considering the possible added
weight from carbon precipitation, new values for the weight loss and
consumption are found. These are also mentioned in Table 3.2-2; the values in
parentheses. It is clear that even by considering this added value, the isotropic
graphite (G347) has worked well and introduction of methane has resulted in
less consumption which implies the participation of methane in the anodic
reaction. However, it seems for the other two graphite grades, when methane
was used the consumption was almost same or even more compared to the
experiments when nitrogen was supplied. The over-consumption of porous
graphite anode in the presence of reducing gases (CO and H,) has also been
reported in another study [28]. After the experiments, there was some soot on
the surface of the graphite anodes which might be due to such reactions. The
reaction of the anode with reducing gases such as methane might result in
excess consumption of the anode. Therefore, such reactions must also be
considered in the evaluation of the anode weight changes. Their occurrence
depends on graphite properties such as porosity and grain size. In the case of
isotropic graphite (G347), methane participation was the dominating effect. A
more recent experiment using the new anode design (see Table 3.2-2) gave a
carbon consumption of 87 % of theoretical during electrolysis with a mixture of
nitrogen and methane supply to the anode.

Apart from the electrochemical reaction and cracking reaction, there exists
another factor which might have caused weight loss changes. This is due to
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possible penetration of electrolyte into the porous structure of the graphite
during electrolysis and can add to the final weight of the anode. However, this
should be negligible since the anode was pulled out of the bath and flushed with
N, for 1 hour after electrolysis. The fracture surface of the anodes was studied
by SEM/EDS. These studies also confirmed that the graphite structure was
essentially free from electrolyte after the experiments.

The gas pressure before the anode was measured while the anode was placed
above the molten electrolyte. The isotropic grade showed the largest pressure
increase, around 0.5 bar, the moulded grade showed less increase, around 0.25
bar, while the extruded grade did not show any pressure increase. This
difference can be attributed to the large difference in grain/pore size of these
graphite grades.

Fig. 3.2-5 - Fig. 3.2-7 show the cell potential and pressure changes during
electrolysis using isotropic grade (G347) anode for two different experiments;
The upper part in Fig. 3.2-5 shows anode potential when only N, was supplied
through the anode and the lower part shows when N, was supplied through the
anode for 45 min prior to introducing CH, and the electrolysis was continued for
4 more hours.

As can be seen, when only nitrogen was supplied to the anode, the potential
increased gradually during the electrolysis (Fig. 3.2-5), but the pressure
remained constant (Fig. 3.2-6). This is due to the consumption of graphite
resulting in decrease of surface area and consequently increased current
density. This is in agreement with previous studies demonstrating an increase in
the anodic overvoltage when current density is increased [97].

A rough calculation demonstrates that the change in the surface area was
noticeable. The surface area prior to electrolysis was 6.28 cm? and the
approximate value for the final surface area was ~5 cm?. The final surface area
was calculated based on the geometrical surface of the anode after electrolysis.
Assuming the change in surface area and a constant current the apparent
current density increased from 0.37 A.cm™ to 0.46 A.cm™ during electrolysis.
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flushed into the porous anodes. Anode was made of isotropic graphite (G347). i = 0.4
A.cm?, T =970 °C. The values in the figure are flow of the gas in ml.min.

However, when CH; was introduced to the anode the potential became stable
and it remained almost constant throughout the electrolysis period. The vertical
lines in Fig. 3.2-5 - Fig. 3.2-7 represent the time where the gas anode was shifted
from nitrogen (dashed line) to methane (solid line).

There was an abrupt increase and decrease in pressure which is because of
supply of both gases during the shifting time. After that, as can be seen,
introduction of methane to the anode caused a gradual pressure increase which
lasted as long as methane was flushed; i.e. until the end of electrolysis (Fig.
3.2-7). This increase in pressure was due to carbon precipitation from the
cracking reaction of methane. If the electrolysis continued for a longer time, this
might have led to clogging, as observed earlier [28].

The change in anode potential (Fig. 3.2-5) agrees with the weight loss data (Table
3.2-2). It is clear that methane was significantly involved in the anodic reaction,
so the potential was stable and did not increase. However, the problem of
clogging might prevent long term electrolysis. A suitable anode design could
possibly prevent the probable and undesirable clogging.
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There is a small difference in the anode potential in the beginning between these
two experiments, although the anodes were similar and both experiments were
started by supplying N, to the anode. The reason is not clear. However, it is
expected that during supply of methane the anode potential should be lower
due to lower overpotential.

Similar electrolysis experiments using moulded (G140) and extruded (KWPSY)
graphite grades did not give significant anode potential differences when
supplying nitrogen and methane. In both cases the anode potential was found
to increase during the course of electrolysis due to the consumption of carbon
which will change the active anode area. These results suggest that the
contribution of the methane in the anodic reaction was not significant for these
graphite grades, which is in agreement with results from the weight change
results as given in Table 3.2-2. Also, the pressure build-up was much less for
these anodes.

Fig. 3.2-8 and Fig. 3.2-10 show results from a recent electrolysis experiment
using the new anode design consisting of two graphite grades as shown in Fig.
3.2-4. Based on the carbon weight loss, the carbon consumption was ~87 %,
indicating that methane participated in the anode process to some extent. This
is also supported by the results from measuring the HF level above the
electrolyte and the anode potential variation. The anode potential (Fig. 3.2-10)
was not found to increase significantly during the course of electrolysis,
although short time variations were observed. This might be due to the larger
surface area of the anode in this experiment. High levels of HF were measured
during methane supply. These observations indicate that methane oxidation
was more important than the carbon weight loss indicated, which suggests that
cracking of methane must have contributed to carbon formation. Also, the
pressure build-up increased significantly upon introduction of methane, as
shown in Fig. 3.2-8.

Shielding of the carbon anode by using carbon is not ideal. Using an insulating
shielding material is challenging due to the aggressiveness of molten cryolite.
Sintered alumina may be used in alumina saturated electrolytes, but it is difficult
to obtain a good seal between graphite and alumina.
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Fig. 3.2-8 Pressure changes during aluminium electrolysis when supplying N, + CH,4 to
the porous anode. i = 0.5 A.cm?, T = 970 °C. The values in the figure are flow of the gas
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Conclusion

Porous carbon anodes made from different graphite grades were studied in
controlled laboratory experiments. The anode potential, the anode carbon
consumption, the anode pressure build-up and the level of HF gas above the
electrolyte were measured during electrolysis. In some cases, it was found that
the methane oxidation was effectively participating in the anode process. The
main challenges in promoting the methane oxidation reaction during electrolysis
are related to optimising the anode porosity and graphite structure and the gas
flow including the methane content as well as to minimise the cracking of
methane. The isotropic graphite grade (G347) showed a better performance as
a gas anode compared to the moulded and extruded grades. The best results so
far showed that the methane oxidation reduced the anode carbon consumption
to 56 % of the theoretical carbon consumption during electrolysis for 4 hours.

73



Acknowledgment

The authors gratefully acknowledge financial support from the Research
Council of Norway in the project NOVAL (grant number 224985) of the
GASSMAKS program.

74



Paper 2: Discussions section

Toru H. Okabe, Olga Kuzmina, John M. Slattery, Cairong Jiang,

Tim Sudmeier, Linpo Yu, Han Wang, Wei Xiao, Liang Xu, Xiangling Yue, Yiyang Kong,
Andrew Doherty, Geir Martin Haarberg, Shugiang Jiao, Qian Xu, Hongmin Zhu, Dihua
Wang, Paul Madden, Daniel Cooper, Kathie McGregor, Chaohui Wei, Binjie Hu, Andrew
Mount, John Irvine, Ali Kamali, Babak Khalaghi, Xianbo Jin, Yingjun Liu, George Zheng
Chen, Xingli Zou, Gang Chen, Ye Liu, Majd Eshtaya, Derek Fray and Yating Yuan

This part was published in Faraday Discussions 2016 (190), pp 161-204 [98].
Here only the questions and answers related to paper 2 are presented.
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George Zheng Chen opened a discussion of the paper by Geir Martin Haarberg:
It is an interesting and good idea to introduce a fuel gas, particularly
hydrocarbons, to reduce CO, emission from the anode reactions. Anode
materials should have an impact on the performance. For example, | think tin
oxide and graphite will cause different kinetics and even anode reactions. Is this
the case for example when methane is used as the fuel gas? Also, for electrolysis
of a metal oxide, either dissolved in the molten salt, or in the solid state via the
FFC Cambridge Process, have you observed any oxidation of the graphite anode
itself to carbon monoxide or dioxide?

Geir Martin Haarberg answered: | agree that different anode materials have
different kinetics. It's very difficult to achieve a complete participation of
methane, so in our experiments the usual anode process (CO and CO, formation)
takes place in parallel with methane oxidation. We always observe consumption
of the graphite anode when passing methane.

Liang Xu asked: Thanks for your nice talk. It is an interesting concept, replacing
the conventional graphite anode by CH, for the Al electrolysis. My question is,
in this case, hydrogen will be introduced into the system which could result in
H,0 formation. | am afraid the generated H,O could cause serious problems in
the molten salt at high temperatures. What do you think about this?

Geir Martin Haarberg responded: | agree that water vapour will be produced in
the anode reaction when using methane. This will cause the formation of HF
which is undesired in the process. In the current industrial process HF will be
formed due to the presence of humidity, but using methane may lead to an
increased level of HF. It may be challenging to reduce the extra level of HF, but
it should be addressed in a possible implementation of the methane concept. It
is however believed that most of the HF exiting the cells will be captured by
alumina in the dry scrubbers.

Dihua Wang remarked: What is the optimized current density for this kind of gas
anode? How do you optimize and control the solid/liquid/gas three phase
reaction boundary?
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Geir Martin Haarberg responded: The normal current density in the current
process is 0.7-0.8 A cm?2. The aim is to achieve a similar current density when
using methane. It's challenging to obtain an efficient action of the methane, so
we are working on an improved design of the supply of the gas.

George Zheng Chen asked: Would it be possible to use the carbonate fuel cell
electrode, e.g. porous nickel, in your gas anode?

Geir Martin Haarberg responded: The molten fluoride electrolyte based on
cryolite is very corrosive, and nickel will dissolve if used as an anode. A candidate
inert anode is based on nickel ferrite, which may be a possibility for the gas
anode.

Shugiang Jiao remarked: When using Sn oxide, oxygen ion is discharged on the
anode to form oxygen. However, if switching to graphite anode, what is the
mechanism to explain the difference. How does the electrochemical reaction
happen?

Geir Martin Haarberg answered: When using graphite, methane will be oxidised
to form CO; and H0. Also on tin oxide the methane oxidation should happen,
but some oxygen evolution will take place as well.

Hongmin Zhu commented: It is a nice ideal to use natural gas as the anode
feeding material for aluminium electrolysis. | have a question about the
electrode potential during the electrolysis. In Fig. 3.2-1, before you start the
bubbling of CH,4, the anode production should be oxygen, O,, while after the CH,4
it should be H,0, CO and CO,. There should be more than 1V potential difference
between these electrode reactions. But, the potential drop in Fig. 3.2-1 is only
0.5 V. Do you have any ideas to explain the loss of the potential?
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Geir Martin Haarberg replied: | believe that the measured potential is a mixed
potential because it's likely that the normal reaction of CO, formation also takes
place during the introduction of methane.

Paul Madden addressed Geir Martin Haarberg and Toru H. Okabe: | have given
lectures to undergraduates to explain how difficult it is to separate aluminium
from oxygen and shown the famous Napoleon's Helmet to illustrate. The
(brighter) students have then asked, how was the aluminium for the helmet
extracted as this was made before the development of the Hall-Héroult
process? Can you help?

Geir Martin Haarberg answered: Prior to the Hall-Héroult process, elemental
aluminium was made by reducing the ore (bauxite) by elemental sodium or
potassium in a vacuum, as explained by Prof. Okabe. Carbothermal reduction of
alumina is very difficult. | believe that Napoleon lll is the best person for this
question.

Toru H. Okabe responded: In the old days, aluminium was produced by
potassium reduction of aluminium chlorides, not by electrochemical methods.

AICl3 (or complex chlorides) + 3K = Al + 3KCI (or complex chlorides).

In some cases, amalgam (Hg alloy) was utilized for facilitating reactions. Sodium
can also be utilized as a reduction agent for this type of metallothermic
reduction. But production of metallic K or Na was very difficult and costly in

those days. For this reason, Al was a “precious metal” worthy for Napoleon's
Helmet. Development of an electrochemical technique around 1900s was really

a “revolution” in Al smelting history.

Andrew Mount addressed Geir Martin Haarberg and Babak Khalaghi: To be able
to judge what is a significant difference between the data in Table 3.2-2, it would
be useful to know what the experimental error is in the weight data in this Table.
It also seems that only the isotropic graphite may produce a significant decrease
in the amount of graphite consumption when the effects of carbon deposition
are taken into account. Is there an explanation for why this is the case?
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Babak Khalaghi replied: Regarding the first part of the question | could say that
in Table 3.2-2 the results of specific experiments are given. But for the isotropic
graphite (G347) the more accurate value for the weight loss would be: 0.60 *
0.07 (0.80 £ 0.07) (g). And for the other samples only one experiment was run.
My answer to part two of the question is that it seems the important factor and
property is the porosity and pore/grain size of the graphite and not the
production method. Because better porosity and pore size establish the three-
phase boundary (electrolyte—gas—electrode) more efficiently and lead to more
effective participation of gas (CH,4) in the anodic reaction. So, the fact that the
graphite is isotropic or not, does not seem to have a key role in the performance
of the anodes when there is considerable difference in porosity and pore/grain
size of the graphite grades.

Qian Xu commented: The AI**/Al electrode was used as the reference electrode
in your research. Can the reaction Al + AI** > Al* affect the reversibility of the
AIP*/Al electrode?

Geir Martin Haarberg responded: It's correct that aluminium dissolves to form
Al(l). But the solubility of Al is very low (~0.05 wt. %), so it won't affect the
electrode potential.

Daniel Cooper commented: A question was asked earlier about water being
produced as a result of the reaction which leads to the production of HF, which
is potentially hazardous. There are a number of processes which use methane
as a source of hydrogen. Could you couple your process to one which utilises the
hydrogen in order to prevent production of water and consequently HF, or
would this hinder the mechanism of operation?

Geir Martin Haarberg replied: Using hydrogen instead of methane is an option.
However, water vapour will still be formed in the anode process, so it will not
prevent this problem.
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Linpo Yu said: Steam will be generated at the anode, | believe water can react
with the graphite anode at high temperature. Did you observe any broken
graphite anode after your experiment?

Geir Martin Haarberg replied: | agree that water may react with the graphite
anode. However, we did not observe any serious damage of the anode after
experiments. The main challenge with the formation of water is believed to be
due to the formation of HF.

John Irvine remarked: | was wondering about methane cracking as well. Pass the
methane without driven current in batch mode, and see if you can oxidise the
carbon. Then switch on the current. Utilize the carbon that's formed from the
methane. You wouldn't have water forming and the hydrogen will be given off.

Geir Martin Haarberg replied: Thanks for your comment. We would like to try
this procedure in future experiments.
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Abstract

One of the major downsides of the current aluminium production process is the
high CO, emission. One alternative is to replace the consumable carbon anodes
with inert anodes so that oxygen evolves instead of CO,. Also, PFC emissions will
be eliminated by using inert anodes. However, so far a sufficiently inert anode
has not been found. Another option is to utilize natural gas through porous
anodes in order to change the anode process. This will decrease CO, emission
remarkably and also eliminate PFC emissions and anode effect. The porous
anode could be made of carbon or it can be inert. However, the as-mentioned
problem still exists regarding porous inert anodes. Therefore, at the moment
porous carbon anodes seem to be the best practical option. In this study, porous
anodes made of different grades of graphite were used for electrolysis
experiments in a laboratory cell. Also, off-gas analysis was performed to get an
insight of the ongoing reactions. Our results show that for some types of
graphite anodes, methane participates effectively in the anodic reaction.

Introduction

Environmental issues related to Hall-Héroult process is one of the major
concerns of the aluminium industry. A large amount of CO; is emitted from
electrolysis cells. The overall reaction is as follows [2]:

ALO; (diss.) + 3/2C (s) = 2A1 (1) + 3/2C02 (g) (1)

There has been a lot of research to tackle the problem of CO, emissions. An inert
anode for the Hall-Héroult process has been called “The ultimate material
challenge” [18]. It shows the high requirements of such a material. There have
been only laboratory and bench scales tests to try inert anodes so far [19]. In
conclusion, a prospective industrial inert anode still seems to be unreachable; at
least in the near future.

Another alternative to the current industrial process is to supply a reducing gas
(e.g. CHy) to the anode/electrolyte interface through a porous anode. Then, the
gas participates in the anodic reaction and the overall reaction changes from (1)
to the following:

Al;0s (diss.) + 3/4CHy (g) = 2Al (1) + 3/4C02 (g) + 3/2H20 (g) (2)
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For this purpose, a porous anode must be used. The porous anode could be
made of carbon or an inert material. Certainly, a porous anode made of an inert
material enables maximum gain of this concept; i.e. the amount of emitted CO,
can be decreased to half according to the stoichiometry of reaction (2).

However, as mentioned earlier a sufficiently inert anode has not been found so
far. Therefore, a porous anode made of carbon seems to be a more practical
choice at the present time. When the anode is made of porous carbon, reactions
(1) and (2) will be competing anodic reactions. The theoretical cell voltage of
reaction (2) is 1.1 V while for reaction (1) it is equal to 1.2 V at 1233 K (960 °C)
[21]. This leads to a small depolarization of the cell voltage when methane is
used in such a way [21, 22]. More importantly, utilizing the reducing gas, e.g.
CHg4, results in reduced CO, emission. The degree of CO, emission reduction
depends on which of these competing reactions dominates as the anodic
reaction.

The concept of supplying a reducing gas to a porous anode in aluminium
electrolysis has been tried before. In some studies carbon or graphite anodes
were use [26-28]. A0.3-0.4 V depolarization effect was detected when methane
was used [27]. In another study, porous graphite anodes showed depolarization
when methane and H; were used. It was mentioned that due to high
temperature of the process, methane decomposition occurs considerably and
methane can be considered electrochemically equivalent to hydrogen. On the
other hand, when hydrogen-containing fuels such as methane or hydrogen were
used considerable fluoride losses from electrolyte occurred [26]. In addition, the
anode might become clogged by soot when flushed by methane. When H, and
CO were used some depolarization was observed; though the carbon
consumption increased and the anodes disintegrated [28]. Inert porous anodes
have also been tested in some studies. But, none of the inert anodes showed
sufficient stability and were either disintegrated or dissolved to some extent
after long time electrolysis [24, 28, 29]. One of the candidate inert anodes was
a non-consumable gas anode based on the type used for Solid Oxide Fuel Cells
(SOFC). It was reported that this anode is not suitable for the current aluminium
electrolysis process, but could be utilized in a modified Hall-Héroult process [84].

We have reported our studies on this concept using both inert (e.g. SnO;) and
graphitic porous anodes. Aluminium electrolysis experiments were carried out
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at 850 °C in a modified electrolyte where methane and hydrogen, in separate
experiments, were used as reducing gases [22, 35, 37]. In a recent work different
graphites were tested as anode material and one showed better results [81]. In
this paper, the continuation of previous studies are presented. Here, other
parameters which might play a role have been studied. Establishment of the
three-phase boundary between the gas, anode and electrolyte is crucial for the
accomplishment of this process [22]. In addition, it was observed earlier that
cracking of the methane during the electrolysis leads to partial or even complete
clogging of the anode which is detrimental for this process [27, 81, 89]. In order
to establish the three-phase boundary and to prevent the clogging of the anode,
the flow of the gas from top and the flow of the electrolyte from the bottom
through the porous structure of the anode must be considered. Also, the flow
properties of the porous graphite such as permeability, porosity and pore size
are of great importance. Usually the electrolyte in the lab experiments is almost
stagnant. They hydrostatic pressure of the electrolyte is negligible and
therefore, the main factor causing the electrolyte to penetrate the anode is the
capillary pressure. On the other hand, the fluid flow through a porous medium
is described by Darcy’s equation:

V= g(vp—pg) (3)

Where Vis the average fluid velocity, K is permeability of the porous material, u
is the fluid viscosity, P is the pressure, p is the density of the fluid and g is the
gravitational acceleration [77]. The three-phase boundary might be established
on the outer surface of the anode or inside the porous structure of the graphite.
This depends on the properties of the porous graphite as well as the flows of the
gas and electrolyte.

In a similar study Namboothiri et .al made pressure calculations and
permeability measurements in order to find the suitable permeability for the
porous material to be used as the gas anode [31]. Between four different carbon
materials which were candidates for anode the one with 30 % porosity and
average pore diameter 10 um gave the best performance. The permeability of
this sample was equal to 1.30 x 10** + 0.200 x 10"** m?. Recalling that 1 darcy is
equivalent to 9.8692 x 101 m? [78], then the permeability was equal to 13.2 md
(millidarcys). The air permeability of industrial carbon anodes typically varies
from 2 x 10 to 20 x 10™** m? (20 -200 md) [100]. In our previous studies inert
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anodes based on tin oxide were used. The porous tin oxide-based anodes were
supplied with methane and hydrogen and depolarisation was observed [22, 37].
The porosity of the inert tin oxide anodes used was approximately 28%. The gas
permeability of anodes was in the range of 3-13 x 10> m? (300 to 1300 md). The
gas permeability increased slightly with increasing particle diameter. This was
attributed to enhanced gas transport due to larger pore sizes [34]. However, a
much denser graphite in comparison to these anodes (see grade 1/G347 in Table
3.3-1) was the most efficient in our previous study [81]. Though, no fluid flow or
pressure balance calculations were made.

Experimental

Mercury porosimetry was used to characterize the graphites. This technique is
based on the intrusion of mercury into a porous structure under stringently
controlled pressures [80]. A Micromeritics AutoPore IV 9500 Mercury
Porosimeter was used. This instrument can determine a broad pore size
distribution (0.003 to 360 micrometres) [80]. The graphite samples were ~ 2 g.
The graphite samples had fractured surfaces in order to have a more accurate
measurement since when graphite is cut it might end up with smeared surfaces.
The permeability of the graphite samples was measured by Carbon R&D RDC-
145 Air Permeability apparatus. This apparatus has been designed for measuring
baked carbon electrodes. Therefore, the sensitivity of the detectors, the
maximum possible vacuum and the units of measure has been selected
accordingly. So, the samples having permeability in the range of 0.1 to 30 nPm
(10 to 300 md) can be measured [79]. The electrolyte composition was chosen
similar to the modern industrial cells except that it was saturated with alumina.
The electrolyte composition was 9.3 wt % AlF; (Noralf, Boliden Odda AS), 5.0 wt
% CaF, (Merck, > 97 %), and 9.0 wt % Al,O3; (Merck, > 98 %) and the remaining
NasAlFs (natural cryolite, Greenland). The cryolite ratio was 2.3. Figure 3.3-1
illustrates the schematic of the experimental set-up. A graphite crucible
contained the electrolyte. The walls of the crucible were lined with alumina and
its bottom served as the cathode. A hollow steel tube screwed to the porous
carbon anode was used as current collector. The anode and cathode were
positioned horizontally in respect to each other. The crucible containing the bath
was dried in air at 120 °C overnight. After the crucible was put inside the furnace,
the furnace was dried at 200 °C in flushing N, until the next morning when the
temperature was raised to 980 °C. The furnace was continuously flushed with
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N,. The inlet gas composition for the anode was controlled using mass flow
controllers (Bronkhorst) and the inlet gas pressure was measured. The whole
electrochemical cell was placed in a vertical tube furnace heated by resistance
wires, and connected to a temperature controller. Galvanostatic electrolysis
experiments were performed using porous anodes made of different graphite
grades (supplied from different companies). Some of the properties of grades
used for preparing anodes are given in Table 3.3-1. Each experiment was started
by applying a constant current of 2.5 A to the cell while N, was passed through
the porous anode for the first 40 min of the electrolysis time and afterwards
changing the gas to CH, and continuation of the electrolysis for 216 min (total
time: 256 min).

Table 3.3-1 summarizes some of the properties of the graphites used in this
study. With this procedure, it is possible to detect if there is any depolarization
upon introduction of the CH,4 to the anode. Also, another series of electrolysis
experiments were carried out without using methane for comparison and in
order to have a better insight of the process and for comparison.

Anode gas

I Molybd wire
Exhaust gas ﬂ I 4

Alumina tube i Steel tube
gas exit

Reference

/ electrode

Graphite crucible

Alumina tube
shield ™ m
i ~

Graphite anode —___
. =y Crucible bottom

/ (cathode)

Alumina lining ——————

—

Furnace gas flow [N;)

Figure 3.3-1: Schematic of the electrolysis cell.
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Table 3.3-1: Typical properties of different graphites [73, 74]

Grade Grade name Specific gravity Porosity  Grain size Supplier

No. (g/cm’) (%) (1m)

1 G347 1.85 12 11 Tokai
2 EG-92E 1.75 16 800 Tanso
3 ™ 1.82 20 10 POCO
4 G140 1.7 20 1000 Tokai

Different current densities were set by dipping the anode into the bath deep
enough to have the desired current density while the current and electrolysis
time was same for all experiments. The weight of the anodes was measured
before and after each experiment to check the consumption of the anodes and
it was compared with the theoretical values.

Figure 3.3-2 illustrates the anode assembly used for electrolysis experiments.
Threads were made inside the graphite and the steel tube was screwed into the
graphite. This made a firm connection between the steel tube and the anode.

Before running experiment, the flow of the gas through the porous anode was
tested inside ethanol at room temperature. In case of some of the graphite
anodes there was a flow of the gas from the connection area. This is shown in
Figure 3.3-2 by red arrows. However, as it will be addressed later this connection
became sealed as the temperature was increased to electrolysis temperature in
most cases.

Results and Discussion

The result of mercury porosimetry is shown in Figure 3.3-3. The differential
intrusion of mercury is plotted vs. pore size distribution. This method only gives
the open porosity which is of course important considering the fluid flow in the
porous structure of the graphite. Besides, it gives the “minimum pore size” since
it measures the pressure needed to penetrate into the pore [101]. Therefore,
the pore sizes measured by this method might be underestimated to some
extent. As can be seen the grades with larger grain size such as number 2 (EG-
92E) and 4 (G140) have larger pores as well. And the pore size distributions are
also broad. While in case of grades G347 and TM the pore size distribution is
quite narrow.
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Figure 3.3-2: Anode Assembly. On the right-hand side, a schematic of the anode
assembly is shown and on left a photo of the real anode assembly. The arrows show the
place where anode gas might escape from the system.

The permeability of grade EG-92E was measured to 0.79 nPm (nanoPerm). This
is equal to 0.79 x 10™* m? or 80 md. But, the permeability of grade G347 was not
in the range of the apparatus and the measurement failed. This grade is denser
and considering the range of the apparatus its permeability must be lower than
10 md.
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Figure 3.3-3: Differential intrusion of mercury into pores vs. pore size distribution for
different graphites. The graphites are depicted by grade numbers given in Table 3.3-1.
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Table 3.3-2 summarizes the consumption of the porous graphite anodes in
electrolysis experiments. The anodes were made of three different grades:
grade G347 and grade EG-92E and grade G140; see Table 3.3-1. The theoretical
consumption of the graphite anode is 1.2 g. This is based on reaction (1); i.e.
with assumption that CH; does not take part in the anodic reaction and
therefore, the whole weight loss is due to reaction (1). Of course, when CHy is
used as anode gas then, reactions (1) and (2) will be competitive anodic
reactions. Thus, oxygen-containing ions dissolved in the bath might react with
methane which leads to lower consumption of the anode and smaller weight
loss.

Table 3.3-2: The consumption of graphite anodes under different experimental
conditions. Electrolysis was run in cryolite-based electrolyte at 980 °C for 265 min. The
theoretical consumption is 1.2 g. Experiments 3 and 6 are some earlier results: [81, 89].

gas flow Current density ~ Weight loss  Consumption

Grade Anode gas No.
(ml min't) (Acm?) (g) (%)
0.35 1.16 97 1
20 0.29 1.11 93 2
N, = CH4
0.26 0.87 73 3
1/G347 10 0.35 1.18 98 4
0.35 1.23 103 5
N, 20
0.35 1.28 107 6
No gas - 0.35 1.25 104 7
0.35 1.10 92 8
20
N, - CH4 0.29 1.07 89 9
2/EG92E 10 0.31 1.13 94 10
N, 20 0.35 1.22 102 11
No gas - 0.38 1.27 106 12
0.27 1.12 93 13
4/G140 N2 = CHq4 10
0.40 1.21 101 14
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By comparing the weight loss in experiments with CHs with those without CH,4
the degree of CH, participation in the anodic reaction can be identified. As can
be seen, the consumptions of anodes were lower in all experiments when CH,4
was used as the anode gas. This suggests that in all of these experiments CH,4
was involved in the anodic reaction; at least to some extent. However, the
difference in weight loss and consumption is very small in most cases and it
implies that CH, involvement in anodic reaction was not significant. Though, this
is in contradiction to some of our earlier findings [81, 89] where in case of grade
G347 the consumption was much lower; experiment 3 in Table 3.3-2.

Figure 3.3-4 shows the variation of cell voltage during galvanostatic electrolysis
using gas anodes made of grade G347 for experiments 1, 2, 3 and 5; see Table
3.3-2. The vertical dashed line corresponds to anode gas shift from nitrogen to
methane in experiment 1, 2 and 3. In experiment 5 only nitrogen was used as
anode gas and here it is illustrated only for comparison.

The current density in experiments 1-3 was equal to 0.35, 0.29 and 0.26 A.cm™?,
respectively. The current was same in all experiments and different current
densities was established by dipping the anode in the bath to different depths.
So, the wetted surface area was different. It seems that when the current
density was low enough the cell voltage variation showed a different behaviour.
During experiment 2 and 3 the cell voltage was almost constant and stable. This
cannot be only due to the supply of methane since in experiment 1 also the
anode was supplied with methane. But, in experiment 1 the cell voltage
variations were quite similar to the case where there was no supply of methane;
experiment 5. It implies that when the anode was dipped sufficiently in the bath
and/or current density was low enough the methane became involved in the
anodic reaction much more efficiently. However, the weight loss changes in
experiment 2 and 3 are not very close. And there must be other factors
influencing the results. One apparent observation is that in experiment 2 the cell
voltage fluctuations were more intense during the first 100 min of electrolysis.

Figure 3.3-5 shows the measured pressure before the anode upon introduction
of N, to the anodes and during heating up the furnace; the anode was out of the
bath and electrolysis had not started. The data for experiment 1, 2, 3 and 5 are
presented.
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Figure 3.3-4: The variations of cell voltage during galvanostatic electrolysis of aluminium
for experiments 1, 2, 3 and 5. In experiment 1, 2 and 3 the anode gas was N, (for the first
40 minutes) followed by CH,4 (until the end of electrolysis). In experiment 5 the anode
gas was N,. Anodes were identical and were made of grade 1 (G347),i=2.5A, T=980
°C.
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Figure 3.3-5: Measured pressure before the anode, upon introduction of gas (N,) to the
graphite anode and after increasing the temperature from 200 °C to 950 °C during
experiments 1, 2, 3 and 5. The anode was out of the bath and the electrolysis had not
started. All anodes had same dimensions and were made of grade 1 (G347). The flow

rate of N, =20 ml min.
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Unfortunately, the pressure data for experiment 3 was recorded only after
introduction of the gas to anode at high temperature. So, the data at lower
temperatures are not shown in Figure 3.3-5. However, based on the following
discussion the pressure changes for experiment 3 upon introduction of gas and
during heating can be estimated. At the time of gas introduction to the anode
the temperature was equal to 200 °C. Introduction of the gas into the porous
anode immediately caused an increase in pressure. This is due to the resistance
of the porous structure against the gas flow which can be identified by equation
(3). Because grade G347 is not very porous and has low pore size (see Figure
3.3-3) and low permeability, the pressure increase was high. Furthermore, as the
temperature inside the furnace was elevated the pressure also increased. When
the temperature increased both the anode and the steel tube expanded. Since
the thermal coefficient of steel is much larger than the graphite, the steel
expanded more and the connection became firm and sealed at high
temperature. This explains the gradual pressure increase after the initial
immediate increase at 200 °C. However, it is obvious that the porous anodes
behaved quite differently though they had same dimensions and they were
made from same graphite; grade G347. The pressure changes in experiment 1
were quite different in comparison to the other experiments. Neither
introduction of the gas to the anode, nor the following heating up made a
considerable change in the pressure of anode 1. This might be due to leakage
from the connection between the anode and the steel tube or a crack or fracture
in anode. In any case, most likely a major part of the gas escaped from the anode
assembly without passing through the porous structure and entering the bath.
This explains the cell voltage variations and weight loss of this anode. For
experiment 2, the pressure increase was greater than experiment 1 but perhaps
not high enough. In experiment 3 the pressure increased to 1.8 bars while in
experiment 2 it reached 1.55 bars. Although data for experiment 3 is only shown
at high temperature (only prior to electrolysis) but it is apparent that the anode
assembly was completely tight and the graphite behaved well so the methane
became efficiently involved in the anodic reaction. Besides, the anode was
deeper inside the bath which in turn could facilitate the methane reaction with
the bath.

On the whole, the performance of anodes made of grade EG-92E was slightly
better than those made of grade G347. The results of anodes made of grade EG-
92E are also presented in Table 3.3-2; experiments 8-12. According to
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Namboothiri et al. [31] the permeability of grade EG-92E is more suitable than
grade G347 for this process. The variation of cell voltage during electrolysis for
these experiments together with the experiment where only nitrogen was used
as gas anode (experiment 11) is presented in Figure 3.3-6 (a). Note that here
again the vertical dashed line only corresponds to gas anode shift in experiments
8-10; and not experiment 11. As can be seen, the variation of cell voltage in
experiment 10 (gas flow: 10 ml min%, | = 0.31 A cm™) is quite similar to
experiment 11 (no methane). It seems the methane was not much involved in
the anodic reaction. This is in accordance with weight loss results. However,
when the methane flow rate was higher (experiments 8 and 9; gas flow: 20 ml
min?) the cell voltage variations became different. These results can be seen
more clearly in Figure 3.3-6 (b). During these two experiments cell voltage
gradually increased while nitrogen was being supplied. This gradual increase
continued for almost 1 hour after introduction of methane. Then the cell voltage
showed a small decrease and kept almost constant until the end of electrolysis
with much less pronounced voltage fluctuations. This is similar to cell voltage
variations in experiment 2 and 3; see Figure 3.3-4. Though, it seems the overall
participation of methane in anodic reaction in these two experiments was not
very large.

Cell voltage /V

0 45 90 135 180 225

t/min

93



2.8
(b)
Ny ——== CH4
2.6 - :
| 8
= |
< [
) I
%0 2.4 - 1l
=
S |‘
=z i
8 22
| 9
I
I
2.0 A
0 45 90 135 180 225

t /min

Figure 3.3-6: The variations of cell voltage during galvanostatic electrolysis of aluminium.
(a) Experiments 8 - 11. (b) Experiment 8 and 9. In experiment 8-10 anode gas was N, (for
the first 40 minutes) followed by CH,4 (until the end of electrolysis). In experiment 11 the
anode gas was N,. Anodes were identical and were made of grade EG-92E,i=2.5A, T=
980 °C.

Nevertheless, here again the effect of larger immersion of the anode in the
bath/lower current density is evident. In experiment 9 the anode was immersed
deeper into the bath, corresponding to | =0.29 A cm’, whereas in experiment 8
the current density was equal to 0.35 A cm™. Experiment 9 showed a lower cell
voltage and smaller anode consumption.

As it was demonstrated before, the pressure changes might give an idea of how
the flow properties of different anodes might influence the flow of the gas and
in turn, the participation of methane in anodic reaction. However, since the
grade EG-92E, in comparison to grade G347, has higher porosity, larger
grain/pore size and larger air permeability, the pressure changes were negligible
and similar. The maximum pressure increase was equal to 0.15 bars (the results
are not shown here). Similar results were observed in a previous study [81].

Two electrolysis experiments were also carried out using anodes made of grade
G140; experiments 13 and 14 (Table 3.3-2). Here again the impact of higher
current density and/or depth of the anode in the bath was obvious and it
resulted in noticeable change; see Table 3.3-2.
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Grade G347 has low permeability and therefore, imposes high resistance toward
the flow of the gas. Consequently, the anode gas escapes from the anode
assembly in case of any leakage and methane does not participate in anodic
reaction. Nevertheless, if the anode assembly is gas tight, supply of methane can
lead to significant reduction in carbon consumption; as it was observed in
experiment 3. Grade EG-92E has higher permeability and seems to be more
appropriate for this process.

It seems in most cases involvement of methane in the anodic reaction did not
happen right after the introduction of methane to anode; but more than one
hour later, Figure 3.3-6 (b). The reason might be due to partial consumption of
graphite at the bottom of the anode. This made the bottom part of the anode
thinner which in turn facilitates the flow of the gas into the bath.

In case of all grades, when the anode had been dipped deeper into the bath the
trend of cell voltage variation changed and led to a more efficient involvement
of methane in the anodic reaction. This might be due to the change of gas flow
or/and lower current density. Further studies must be carried out to distinguish
the effect of each parameter.

Conclusions

Results confirmed that supply of methane to porous graphite anode lead to
participation of methane in the anodic process during electrowinning of
aluminium in a laboratory cell. The effect of methane was observed as a change
in the trend of cell voltage variations as well as in the consumption of the
anodes.

Appropriate establishment of the three-phase boundary between the gas, the
electrolyte and the anode is crucial for this process. According to the findings,
this depends on congruence between different parameters such as graphite
(anode) flow properties, flow rate of methane, the positioning of the anode in
the bath and the gas tightness of the anode assembly. When the graphite was
less porous and had lower gas permeability (grade G347) the anode assembly
was more prone to gas leakage; also, the pressure changes were scattering.

For all graphites deeper immersion of the anode into the bath led to more
efficient participation of methane in the anode reaction; probably due to
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enhanced gas flow through the porous graphite. However, deeper anode
immersion in the bath also caused lower current density since the current was
the same for all experiments. Therefore, the effect of current density must be
addressed separately in future studies.
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Chapter 4

Conclusions

The present research has revealed the most important influencing parameters
in this process. Microstructure and flow properties of the anode material are of
great importance. More specifically, the pore size distribution (PSD) and air-
permeability of the anode proved to play key roles. Firstly, proper establishment
of the three-phase boundary (TPB) is achieved through employment of a
material with suitable air-permeability and PSD. The penetration of electrolyte
into the anode and the flow of methane through the porous structure of the
anode are opposing forces that must balance each other for the establishment
of TPB. However, two other ongoing phenomena i.e. precipitation of carbon due
to methane pyrolysis and consumption of the carbon anode complicate this
picture furthermore. Secondly, air-permeability and PSD of the anode material
influence the bubbling and hyperpolarization to a great extent.

One of the graphite grades used in this study (grade 1: G347, Tokai) proved to
have the best performance as gas anode. Though, when this grade was used
precipitation of carbon due to methane pyrolysis caused partial clogging of the
anode. Therefore, it seems a graphite with a PSD that covers slightly larger pores
(up to 40 um) and possesses a bit higher porosity (> 15%) should be employed.

One of the pitfalls of such a process is the gas leakage from the anode assembly.
It was demonstrated that in the case of some of the graphite grades pressure
changes can give an idea of how well the anode assembly is sealed. These grades
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with lower air-permeability showed the highest resistance against the gas flow.
This resistance can even become larger during electrolysis when methane
pyrolysis causes partial clogging of the anode. This hinders the supply of
methane and also increases the probability of gas leakage. Fluid flow
calculations and modelling can clarify this issue and provide a better
understanding.

Electrolysis parameters were also studied in this work; though to a limited range.
The apparent current density was mainly in range from 0.3 - 0.5 A cm™. However,
increasing the current density to 0.8 A cm™ promoted the oxidation of methane.
This is still lower than the current density in modern industrial cells. It is likely
that current densities higher than 0.8 A cm? further promotes methane
oxidation. Such current densities must be tried in the future.

Cyclic voltammetry demonstrated that the electrochemical oxidation of
methane at the graphite anode occurs at a lower overpotential compared to
oxidation of the graphite. Therefore, it seems likely that by optimizing the
process it is possible to provide the necessary condition for the domination of
methane oxidation as the anodic reaction.

The feasibility of electrochemical oxidation of methane at the graphite anodes
in aluminium electrolysis was demonstrated. This process leads to a remarkable
decrease in CO, emissions from electrolysis cell. This work can be considered as
an initial step towards developing this process. Consumption of graphite anodes
was decreased up to 35 wt. %. This is a promising result since there is a large
room for optimizing this process and achieving higher efficiencies.
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Chapter 5

Suggestions for Future Work

Reported research and studies on developing gas-supplied anode system for
aluminium electrolysis are scarce. When compared to the massive number of
studies that have been carried out on inert anodes, they can be regarded as
negligible. Therefore, there are still many unknown aspects that can be topics
for future research. Nevertheless, based on the conclusions of this work, here
are some suggestions with higher priority presented:

As mentioned earlier, one of the pitfalls of this process is the likelihood of gas
leakage from the anode assembly. Thus, a more robust anode assembly with an
advanced design must be fabricated. Such an anode assembly must be well
sealed and gas-tight. It could be equipped with a gas plenum chamber. The level
of gas-tightness might be estimated by pressure — fluid flow calculations and
observations.

The gas analysis conducted in this study was useful and clarifying. But, the data
did not show high reproducibility. One reason was the procedure that was
carried out to avoid blockage of the off-gas tube. This led to interruptions in gas
analysis. A solution could be utilizing a tube with larger diameter for this
purpose. Though, all experimental considerations must be taken into account.

Anode weight changes (carbon consumption) and cell voltage variation data
which are extracted from galvanostatic electrolysis runs are in principle, good
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and indicative measures for evaluating this process. However, both of these
measures are influenced by other parameters that cannot be controlled easily
or are not well known at this stage. This can obscure the conclusions. Therefore,
it seems better to begin the studies with electrochemical measurements such as
cyclic voltammetry. Then, most of the experimental parameters can be varied
easily and different condition can be tested in fewer experiments. Hence, more
reliable data can be collected and the best material and experimental conditions
can be found. Impedance measurements could be done in a more extensive way.
Apart from calculating the double layer capacitance, this method can be used
for studying the mechanism of the reaction which is crucial for further
improvements. In addition, it seems beneficial to run the electrochemical
measurements using the electrode with more defined surfaces. Namely, with
only vertical or horizontal surfaces.

More effort must be made to reveal the mechanism of the anodic reaction(s),
the role of different parameters and the contribution of other possible reactions.
Microscopic studies together with chemical analysis (SEM/EDX) of different
parts of the anode can be helpful in this regard. In addition, gas-permeability of
the anode material can be measured both before and after electrolysis runs;
comparison of the two values can reveal the extent of methane pyrolysis and
progress of the gas — bath reaction.

A graphite anode seems the suitable option for such an application, but it is
worthy to run experiments with one or two baked carbon anode samples as well.
This enables a comparison between graphite samples and baked carbon anodes.
This could be valuable especially since there is a massive number of studies on
carbon anodes in the literature. On the other hand, synthesis of graphite/carbon
samples can be considered as an option since common graphite grades found in
the market are not suitable for this application. In addition, information about
other properties such as gas-permeability are crucial but usually not given in
data sheets.

Other material characterisation methods such as nitrogen adsorption
measurements based on Brunauer-Emmett-Teller (BET) could be useful. The
extracted data from such measurements can be used by a density functional
theory (DFT) based model to determine the relative contribution of
edge:basal:defect sites of the carbon material.
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