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Abstract

Aluminium smelting is an energy intensve process, and as a result there has been considerable
and ongoing research over a number of decades on the energy efficiency of various aspects of
the process. One of the most important measures is current efficiency, which has been shown
to have direct relationships with current density, cdl temperature, eectrolyte chemistry, and
anode-cathode distance. The effects of these variables on current efficiency are generdly
accepted, however there remains debate over the influence of the dumina concentration in the

electrolyte on current efficiency.

This research relied upon the development of a laboratory scale duminium smeting cell where
the current efficiency was measured via sampling of the product gases. A modified oxygen
bal ance was used, with gas analyss performed using online mass spectrometry.

The findings of this research agreed with the accepted current efficiency trends, showing a
current density influence of 17.25 %CE per Alcnt, over the range 0.3 and 1.1 A/cn?. The
influence of dectrolyte chemigry was -7.8 %CE per unit cryolite molar ratio, between cryolite
ratios 1.99 and 3. The anode-cathode distance was shown to have no influence on current
efficency in this cdl, contradicting the established findings, however this was expected
because of the design of the cell with no metd pad at the cathode and therefore constant mass
transfer conditions &t al the anode- cathode distances used.

The mog dgnificant finding concerning current efficiency is that the variation with dumina
concentration is so smdl, -0.0376 %CE/Wwt% Al,O3, that there is effectively no influence.
While in many other sudies an influence was found, the vaues and direction of the relationship
vaied. This suggedts that in many cases the obsarved variation in current efficiency was
actudly caused by achangein the level of stability in the cell, by processes such as dissolution
of dudge from the cathode or he thermd disurbance of dumina feeding, wheress in this
research the cell was stable under all operating conditions.
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In recent years there has been sgnificant focus on the environmenta impact of the emissons
from duminium smdters. Of particular interest are the perfluorocarbons and sulfurous species,
because of theimpact on globa warming and the ozone layer.

Thermodynamic predictions indicate that the CF, formed at anode effect is in concentrations
orders of magnitude higher than C,Fs. Gas andysis from a cell going onto anode effect shows
CF, formed only &fter the cell voltage has increased stepwise. The role of carbonyl fluoride in
the onset of anode effect was investigated, and COF, was detected in the product gas shortly
before the anode effect began. This indicates that COF, is a precursor to anode effect, by
being formed as the anode polarisation increases before the anode effect begins. Voltage
andyss shows the polarisation increases sufficiently to dlow the eectrolytic formation of
COF,. Once formed, the COF, then reacts with anode carbon, forming the initid layer of
CF, under the anode. The thickness of the CF, layer increases until it becomes insuleting,
causing the voltage to increase suddenly in what is traditiondly viewed as the anode effect
onst, after which CF, and C,Fs are formed dectrolytically.

Sulfur dioxide has generaly been consdered the most important sulfurous species in the waste
gases from duminium smdting. The sulfur in the anode carbon, however, isinitialy released as
carbonyl sulfide in the zone under the anodes where the oxidation potentid islow. The COS
is then oxidised to SO, asit passes through progressively increasing oxidation potential zones,
until it is released from the cdll in the drafting air and most of the COS has reacted.
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1. Introduction.

Approximately 20 million tonnes of duminium are produced commerciadly each year by the
Hdl-Héroult process, which is both energy and materids intensve and produces
environmentally unfriendly secondary products. Because of the vast amounts of energy
consumed, the efficiency of the process, most commonly measured by the current efficiency, is
of great importance. This can be measured in different ways, and used to demondrate the
performance of duminium smeting cdlswith respect to different operating variables.

The variables that impact on current efficiency and are important to cel operation are cdll

temperature, current density, anode-cathode distance, eectrolyte chemistry, and aumina
concentration. Of these, dumina concentration is considered the most important because as
auminaisthe main raw materid consumed in the process, the dumina content in the dectrolyte
varies sgnificantly during eectrolysis. Because of this the impact of dumina concentration on
current efficiency is an important condderation in duminafeeding srategies. However, in spite
of this the volume of research carried out both in industry and academia 4ill provides a
conflicting picture into the effect of dumina concentration on current efficiency, with some
researchers showing a postive influence of dumina, others a negative influence and even no

influence a dl.

As the dumina concentration in the dectrolyte is depleted through dectrolyss, the operating
mode of the cell passes through atrangtion into anode effect, when the voltage across the cell
increases dramatically and large amounts of tetrafluoromethane (CF,;) and hexafluoroethane
(C,Fs) are generated. The anode effect is detrimental because of the extra energy consumed,
the disruption to the stability of the cdll, and the fluorocarbon gases released which have afar
greater effect on globa warming through the greenhouse effect than the carbon dioxide formed
during norma dectrolyss. While the operationd impact of the anode effect phenomenon has
been dudied extensvely, and more recently the environmentd impact has attracted more
attention, there is ill uncertainty over the mechanisms surrounding the onset of anode effect.
1



1. Introduction

The widdy bdieved theory of spontaneous formation of CF, at increased cdl voltage is
chalenged by the theory of carbonyl fluoride (COF,) formation as an intermediate compound
leading to CF, formation.

1.1. Purpose of this Research.

The main am of this project was to investigate the rdationship between current efficiency and
the cdl variables anode-cathode distance, current dendty, eectrolyte chemistry and most
importantly aumina concentration in the duminium smdting cdl. The main tool used was gas
andysis and the oxygen baance technique to determine current efficiency. However, while
doing this it dso branched out to investigate the related and very relevant issues of the anode
effect phenomenon, other gases formed in the duminium smdting cdl such as fluoride and
sulfurous species, and the polarisation components of the cdl voltage. A combination of cell
voltage analyss and gas andlysis was used to investigate the anode effect and its onset.

1.2. Scope of the Experimental Work.

To perform this research it was required to develop a system that enabled experimentation in
the laboratory. This included the modification and maintenance of a laboratory furnace, the
design and condruction of a laboratory scale duminium cell, the ingalation of the gas andysis
equipment used to capture the analytica data, and the set-up of computerised controlling and
data acquigtion sysems. The development of the experimenta system as a whole contained
congderable evolution as difficulties were encountered and overcome until the set-up that best

suited the experimenta requirements was found.

Experiments were performed investigating the effects of anode-cathode distance, current
densty, eectrolyte chemistiry and alumina concentration on current efficiency. Experiments
were also performed to investigate the different gas species, of afluoride and sulfurous nature,
produced during both norma dectrolyss and anode effect. Particular atention was paid to
the onset of anode effect, and the role played by carbonyl fluoride at that time. These

experimenta measurements were compared to theoretical equilibrium gas compostion
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predictions that were made. The cdl voltage during eectrolysis was andysed to highlight the
anode reaction polarisation and the magnitude of its change as anode effect was approached.

1.3. Coverage of the Thesis.

The second chapter of this thes's provides a genera background into the theory of auminium
smdting, and looks at the energy requirements of the dectrolyss process. Current efficiency,
and the different methods used to determine it, are described in detail, especidly the oxygen
bal ance method applied here. The effects of cell variables on current efficiency are presented,
and the areas where there is uncertainty over the effects of variables on current efficiency are
highlighted. The anode effect phenomenon, as well as carbon consumption and sulfurous gas
species arisng from auminium production are al discussed.

The theory behind gas andysis, in particular the mass spectrometric method used in this study,
is given in chapter 3. The gas andyss system used is described in detail, showing the set-up
and how it was operated. The design and operation of the laboratory scale duminium cdl is
aso described in detail in chapter 4, describing how it was linked to and operated with the gas
andyds sysem.

The current efficiency determination agorithm is outlined in chapter 5, giving the accuracy of
the method and crosschecks to verify the values given.

In chapter 6 the general performance of the laboratory cell is demondtrated, and then in more
detall the influence of the variables mentioned above on current efficiency. In particular the
findings of the influence of dumina concentration are presented, compared to previous udies,
and judtified.

The cdl voltage andlysis is presented in chapter 7, showing the complimentary results of the
independent methods of current interruption and cdll voltage breskdown. The magnitude of
the anode reaction polarisation increase during dectrolyss until anode effect onset is
discussed.



1. Introduction

Chapter 8 covers the anode effect in detail, showing theoretica predictions of the gas species
formed and the changes with different cel oxidation conditions. Experimental measurements
of the species detected during anode effect are given, as well as evidence of carbony! fluoride
involvement in the onset of anode effect. The anode effect is linked to the cdll voltage and in
particular the anode reaction polarisation component.

The theoreticd predictions of sulfurous species formed in the cdll, and the corresponding
experimenta measurements, are given in chapter 9.



2. Background and Theory.

2.1.  Aluminium Production.

The basic principles behind the only commercidly viable method of auminium production have
remained relatively unchanged since 1886, when the process was smultaneoudy patented by
Charles Martin Hdl in America and Paul Héroult in France. World primary duminium
production was 4.5 million tonnes in 1960, which increased to 19.4 million tonnesin 1995 [1].
Aluminium is desired for a wide range of applications because of its properties of light weight,
high strength and resstance to atmospheric corroson.  The automotive industry is a large
consumer of auminium as lighter, more efficient vehicles are sought after. Other markets
include beverage cans, as compodtes in fabrication and construction materid, dectrica
tranamission lines and many more. Because of these various uses, the demand for duminium

and therefore its production is likely to continue to increase.

The Hal-Héroult process is based on the dectrolytic reduction of duming, disolved in a
molten cryolite-based dectrolyte, to duminium using sacrificid carbon as shown in reaction
2.1

2A1,03gissolved) T 3C(solic) = 4Algiquia) + 3CO2(gag) (21)

This dectrolytic process takes place in large numbers of reactors, known as Hall-Héroult cdls
or Hal cdls. A schematic of aHal-Héroult cdl isshownin Figure 2.1. Features are the sted
shell, the carbon lining to contain the dectrolyte and protect the stedl from corrosive attack,
the molten pad of aluminium acting as the cathode surface, and the carbon anodes suspended
from the supergtructure of the cell. There are two main designs of cell, Soderberg and
prebaked anode types. Stderberg cells have one large continuous anode studded with many
ded conducting contacts, which is lowered periodicdly to mantain a congant distance
between anode and cathode surfaces. The anode is made as a paste and placed in the cdll
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2. Background and Theory

over the bath, where it is baked by the heat of the cdll. Prebaked anode cells have many
smaler anodes, typicdly in two rows, with one anode replaced every 24-36 hours. The
anodes are prebaked in alarge baking furnace before being placed in the eectrolytic cl.

Pot hood
Alumina
Anode _
_ Alumina Feeder
Aluminium Alumina

Top Crust
Cathode Carbon Ledae
Block 9
Electrolyte
Collector Bar /Steel Shell

Refractory
Air Tight Seal o Insulation

Figure 2.1 Schematic of a prebaked anode Hall-Héroult cell.

The main component in the eectrolyteis cryolite (NaAlFs), which is the double-salt of sodium
fluoride (NaF) and duminium fluoride (AlF3). A commonly used term descriptive of the
eectrolyte is the cryolite or molar ratio (CR), which refers to the molar ratio of sodium fluoride
to duminium fluoride. With pure cryalite the cryalite ratio of NaF to AlF; is 3, and as
auminium fluoride is added the cryolite ratio decreases. The cryolite rétio is dso referred to
as the bath or weight ratio (BR), being the weight ratio of NaF to AlF;. By coincidence the
molecular weight of NaF is amost exactly hdf that of AlF3, which makes the bath ratio equa
to haf of the cryoliteratio. Therefore the bath ratio of pure cryoliteis 1.5.

Common additives to the cryolite are cacium fluoride (CaF,), duminium fluoride (in excess of
the doichiometric amount from pure cryolite) and sometimes lithium fluoride (LiF) and
magnesum fluoride (MgF,), as wel as the reactant dumina. For a typica eectrolyte
composition, the cryalite ratio can be given by:

12(100- CaF:- Al203- xsAIF3)

CR= 04(100- CaF2- Al20s- xsAIF3) + xsAIF 3 (2.2)
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where CaF, and Al,Os in wt%, and xsAlF 3 is the wt% in excess of that from pure cryalite [2].

These additives have the effect of lowering the meting point from 1010°C to the operating
range of 955-975°C. Alumina is maintained in the range 26wt% by feeding periodicaly.
Before feeding, the solid crust on the surface of the eectrolyte must be broken, either down
the entire centre channel or half of the channd with a bresker bar, or in smdl holes for point
feeding. With bresker bar cdls, the feeding is less frequent and the amount of dumina
dumped into the eectrolyte from a hopper above is larger, whereas for point feeding the feeds
are frequent and smdler. The production of duminium is materid and energy intengive, with
the following inputs to a cell necessary to produce one ton of metd [3]:

1.90-1.93 tons of smdlter grade dumina

0.4-0.47 tons of anode carbon

15-50 kg of duminium fluoride

12800-16000 kWh of eectrica energy

consderable volumes of ar passing over the top of the anodes and anode insulation to

capture gaseous emissons.
Thus one can gain an agppreciation of the scde of operation of a modern smdter, with

production ranging up to 500,000 tons of duminium per year.

While the basc aduminium smelting process has not changed much in over 100 years, the
energy required to produce one kilogram of duminium has dropped from 40kWh to less than
13kWh, and the eectrica efficiency has increased from 70% to greater than 95% for the best
cels[4].

2.2. Cell Energy Requirements.

While the Nerngt potentid for reaction 2.1 at 975°C is only 1.18V, polarisation ) and

resgive (IR) components raise the cdll voltage to around 4.5V.

The overdl cdl voltage V*' may be expressed as:

VceII —E®+ han + hcat + hconc + IRetectroiyte + [Roub + [Recat + |Ran + IR ext (23)
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where ha,, hex and heone are the anode, cathode and concentration polarisations, | isthe cell

current in amperes, and Ris the resistance of the eectrolyte, bubble layer, cathode, anode and

externa connections, in ohms.

E'® is made up of the standard electrode potentid (E°) and the activity contribution (&) of
the speciesin reaction 2.1, and can be given by equation 2.4

2 32
Erev - Eo _ Eln aAI 'aco;z (24)

6F aAIzOs'aC

The activities of Al and C are unity as they are pure condensed phases in their Sandard Sates.
The activity of CO, can aso be assumed as unity as the nearly pure gas contacts the anode at
approximately 1 atmosphere [5].

The standard electrode potential E° is given by the change in Gibbs energy:

o= %CFB" (2.5)
With the activity smplifications, equation 2.4 can be written as:
E =- [:3(;0 + g N0 (26)
Based on the data of Rolin [6] the dumina activity can be given by:

% Al 7
Qpos = (%) @27

This gives an activity contribution to the cell voltage of up to 50mV, however there is some
debate as to the value of the index in this equation.

The cathode becomes polarised due to the concentration overvoltage from an accumulation of
NaF and depletion of AlF3 in the boundary layer a the cathode surface. This can be given by
the Alcoa equation [7]:
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_2732- 0248XCR) XT | 28)

hcat 34590 0.257

where T is the temperature (Kevin), i is the cathodic current dengity (A/cn?) and CRisthe
cryolite moler ratio of NaF/AlF3 in the eectrolyte. Typica vaues for cathode polarisation are
60-100 mV [7].

The anodic polarisation or overvoltage, .y, is quite large, 0.4-0.6V. It is not known exactly

why the anode becomes polarised, athough it is thought to be related to reactions with surface
complexes. It isoften represented by a Tafd equation:

h,,=a+blogi 2.9)

where a and b are constants @ = 0.4-0.6 V, b =0.17-0.27 V/decade) and i is the anodic
current density (A/cn).

There can be a smdl overvoltage caused by a concentration gradient of dumina adjacent to
the anode. Thisisgiven by:
RT i0
e = Fmgi- EB (2.10)
It has been asumed that the limiting current dendity ic (A/en?) is the same as the critical
current dengity for anode effect. The i is difficult to estimate for industrid cells, but has been
caculated by Piontelli et al. [8] for [aboratory cells:

.= [55+0018(T - 1323)] A 21| (%AI205)°*- 04] (2.11)

where A is the anode area (cn). The concentration polarisation, Ny, is smdl, in the range

5-10 mV, and is not often considered, or may be included in the anode polarisation.

Although the combined anode and concentration overpotential data for laboratory and plant
seldom agree cdosdy, the trends are generdly smilar for current densty and aumina

concentration [9]:
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Table 2.1 Anode Polarisation in the Laboratory and Plant [9].

Current Density (A/cn)
0.7 0.9 11
AlLO3 Overvoltage (V)
(Wt%%0) Lab. Plant Lab. Plant Lab. Plant
15 - 0.95 - 1.09 - 1.23
2 0.65 0.84 0.71 0.98 0.76 1.13
5 0.54 0.51 0.63 0.65 0.70 0.81

The difference between laboratory and plant data is due to any or dl of the following:
concentration gradientsin the cell,
vaiationsin carbon qudity,
different electrode orientations,

and different dectrolyte composition ranges.

The voltage drop through the dectrolyte, |Ryecroiyte and across the bubble layer under the
anode, IR, are often caculated separately. The dectrolyte resstance is easly calculated
from many published correlations, however the bubble resstance is more difficult to determine,
An eguation which combines them and gives the tota resgtivity in the inter-electrode gap is
given by Hyde and Welch [10]:

1€ u
Relectrolyte = E%D - db) + . ljl (212)
: (-1 )g
where k is the eectrica conductivity of the eectrolyte (\W'n?), A is the dectrode area (cn),
D is the inter-electrode spacing (cm), dj, is the bubble layer thickness (cm) and ]  is the anode
surface fractiona gas coverage. Aarberg et al. [11] determined the average bubble layer

thickness to be 0.5cm and the average fractiona anode surface coverage to be about 0.45 by
experimentation in a laboratory scale cdll. There are many different corrdations for eectrolyte

10



2. Background and Theory

conductivity, most of which give consstent vaues of about 2-2.5 W'm?* for a normd
electrolyte compostion and temperature. For the purposes of this study the conductivity
equation given by Wang et al. [12] was used, while another recent publication by Hiveset al.

[13] aso gives an expression for dectrolyte conductivity.

The remaining three terms in equaion 2.3 can be grouped together as they are the voltage
drops through the anode carbon, IR, though the cathodes, IR, and across al the
connections that make up the circuit from one cdl to the next, IRx. The externd voltage
drops should remain relatively congtant, athough the cathode drop changes dowly with time.
Obvioudy, for any single anode the voltage drop will decrease as the anode becomes smdler
through consumption, but the combined effect of al anodes in the cdll should be minima. The
cathode voltage drop generdly increases dowly with time over the life d the cdl through

processes such as sodium intercalation [14].

A schemétic of the voltage dropsin acdl isshown in Figure 2.2.

V oltage component Volts

oy ‘® Externd (anode) 0.10
o Contact (anode) 0.05

Bl Anode 0.33
0.33VE Reaction E* 1.18
18Vl Polarisation (anode) 0.48
Z;)Eg H : Electrolyte 1.42
A[U;T;U—M = : Polarisation (cathode) | 0.05

oavg  CATMOPE S Cathode 0.33
RSt . Contact (cathode) 0.06

0081 = o External (cathode) 0.30
VY TR Total voltage 430

Figure 2.2 Schematic of the voltage drops through a cell with anodic current density of

0.7 Alcn?, taken from Grjotheim and Welch [14] .

In this diagram the IR, term isincluded in the eectrolyte voltage drop, and the concentration

polarisation is included in the anode polarisation term. As seen in reactions 2.8 and 2.9, the

cathode and anode polarisations are dependent on the current density.  The cathode voltage
11
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drop changes with cell age as the cathode changes condition through sodium intercaation, and
the cathode contact voltage drop also changes with age as the contact between the cathode
and the stedl current collector bar degrades. The voltage drops where the current carrying
metal is connected to the carbon anode and cathodes will vary depending on the jointing
technique used.

The resgtive hegting of the eectrolyte provides the energy to maintain the cell at the operating
temperature, and the cdl must be carefully controlled to ensure the heat balance is maintained.
Heat is logt from the cdl through the sides and base of the shell, through the cathode current
collector bars, as convection from the top of the frozen dectrolyte crust, from the top of the
anodes and in the heated cell gas out the exhaust fume ducting.

2.3.  Current Efficiency.

The main process occurring in an dumina reduction cdl is the production of aduminium meta,
as described by reaction 2.1. Faraday’s law can be used to relate the theoretica production
of metd to the cdll current:

Ml

P__
zF

(2.13)
where P isthe amount of metal produced at the cathode (g/s), M is the molecular weight of the
metal (g/mol), | is the cdl current (A), z is the number of dectrons in the reaction and F is
Faraday’ s constant.

According to Faraday’s law as shown in equation 2.13 the production of auminium will be
0.168kg/kiloampere-hour at 100% efficiency. Thus for a modern 280kA smdlter, each cdl is
theoretically capable of producing more than 1100kg of aluminium per day. However any
reactions competing with the main reaction 2.1 or any back-reactionswill result in areduction

in the amount of duminium produced.

The rétio of the actud duminium meta produced to the theoretical duminium meta produced
per unit of eectric current is known as the “ Current Efficiency”. The duminium produced has

12



2. Background and Theory

a low solubility in the dectrolyte, where the dissolved meta can react in severd ways. The
main back reaction is the re-oxidation of dissolved duminium to aumina, with carbon dioxide

reduced to carbon monoxide:

2A gissolved) T 3CO2(gas) = Al,O3(gissolved) T 3COgag) (2.14)

Re-oxidation of the main dectrolysis products reduces the amount of meta produced at the
cathode relative to current, and is the main cause of logt current efficiency. Lossin efficiency
a0 affects the specific energy consumption E [14], which isgiven by:

£ = 2980V | Whperkg Al (2.15)

where V isthe cdl voltage and x isthefractiond current efficiency, given by

_ per cent current efficiency
- 100%

(2.16)

Thus it can be seen that for minimum energy consumption the cell voltage must be as low as
possible and the current efficiency as close to 100% as possble. The minimum theoretica

energy consumption is 3.52 kWh/kg Al, dthough because of the increased cdl voltage
discussed earlier and less than 100% current efficiency, present cell technology operates at
around 13kWh/kg All.

Aswell as the main back reaction 2.14, there are many other reactions that consume eectric
current without producing the maximum theoreticd yield of duminium. Some of these are:

the dectrolytic formation of CO, which is particularly important a areas of low current

density such asthe sides of the anode:

AlOsgissoived) + 3Csanode) = 2Algy + 3COg) (2.17)
metal shorting (at the anode):
Algissoived) = Al* gissolvea) + 36 (2.18)

13
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the reduction of CO and CO, gas by dissolved duminiumto C:

3CO(gay *+ 2Algissolved) = 3C(g + AlO3(gissolved) (2.19

3COx e + 4Algissoived) = 3Cg + 2ALO03dissolven) (2.20)
the formation of duminium carbide:

4Al gy + 3Cslining) = AlsCyg) (2.21)

and the reoxidation of any dissolved auminium carbide, which while not affecting current
efficiency directly, it does promote further duminium carbide formation:

Al,Cyissolved) + 9CO2(g) = 2ALO03dissolve) + 12C0Og) (2.22)

Although there are many possble reactions resulting in a lowering of faradaic current
efficency, it is generdly recognised that the main reaction lowering efficiency is the back
reaction 2.14, and the contribution to inefficiency from these other reactionsissrdl [15]. The
mechanism of the back reaction has been sudied in detail to determine the rate controlling
step. Figure 2.3 depicts the generation of CO, a the anode and the recombination with metal
originating from the cathode.

1. METAL DISSOLVES AT METAL / ELECTROLYTE INTERFACE

2. . MASS TRANSFER OF DISSOLVED METAL TO
ANODE GAS

3. PARTIAL BACK REACTION ACCORDING TO:

2A, +3C0, = Al,O,+ 3CO

dissolved)

AT GAS ELECTROLYTE INTERFACE

Figure 2.3 Schematic of the back-reaction zones, with simplified reaction steps.
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Zhang [16] proposed four different back-reaction schemes differing in the leve of dectrolyte

mixing and reaction rates, and listed nine steps for the back-reaction. These can be smplified

to the following four steps:

For the metd:

1) Dissolution of metd to saturation at the metd-dectrolyte interface.

2) Trangport of meta through the boundary layer by diffusion.

3) Mass trandfer of dissolved metd through the bulk dectrolyte to the reaction interface by
convection and some diffusion.

4) Chemicd reaction between dissolved metd and ether dissolved or gaseous carbon
dioxide at the reaction interface.

If dissolved carbon dioxide is consdered the reacting phase, then additiona steps can be

written for COy:

5) Dissolution of CO; at the bubble-eectrolyte interface.

6) Mass trandfer of dissolved CO, through the boundary layer at the eectrolyte-gas interface
by diffuson.

7) Mass transfer of dissolved CO, to the reaction interface zone by convection and some
diffusion.

There have been numerous studies to determine the rate-controlling step of meta reoxidation.

Zhang [16] reviewed a number of these, which showed that for laboratory cdls with limited

convection or girring the rate controlling step is (3). When rapid mass transfer is ensured

through vigorous agitation the rate controlling steps are (1) and/or (2).

The solubility of both duminium and carbon dioxide in the eectrolyte are important to the
back-reaction process. The solubility of duminium in agiven dectrolyte is not known exactly,
athough severd corrdations are available in the literature. Electrolyte additives can be used to
lower the duminium solubility, and a the same time lower the liquidus temperature, which is
aso dedred. The effects of eectrolyte additives are discussed in more detail in section 2.5.3.

Although the solubility of carbon dioxide in the dectrolyte is thought to be much lower than
that of duminium, it sill could be important in the back reaction steps because of the large
gas/dectrolyte interface area due to the gas bubbles. The dectrolyte/metd interface area is
amadler, ingpite of the deformation due to the metd pad wave motion.
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2. Background and Theory

2.4. Methods for Measuring Current Efficiency.

The dedire to operate cdlls at the highest possible current efficiency has led to the devel opment
of many different methods for measuring the efficiency. The variety is due in pat 1 the
technology available when each was developed, and aso the specific motivation for the
current efficiency measuremen.

There are two man types of methods, the firs based on accounting for the duminium
produced, and the second on analysing the waste gases released.

2.4.1. Aluminium Balance.

The conventional method for measuring current efficiency has been to compare the weight of
meta produced with the theoretica faradaic production. This gives accurate efficiencies, and
can give the current efficency for a gngle cdl or an entire pot-ling, but has the man
disadvantage of being dow. The average current efficiency can only be determined over a

long time frame, such as severd weeks or months.

Methods with a faster response but till based on the amount of duminium produced involve
using tracers which are placed in the cdll. The dilution over time can be used to determine the
metal produced and hence the current efficiency. Tracers used include copper, siver, and
radioactive cobdt, zirconium, iridium and gold. While the tracer techniques enable current
efficiencies to be determined in a shorter time, the equipment and sampling needed mean they
can be complicated.

The main disadvantage of the methods based on comparing actud and theoretical meta
production is that they take no account of specific events occurring in the cell.  The mgor
interruptions to steady operation include anode remova and replacement, lowering of anodes
to mantain inter-electrode spacing, crust bresking and dumina feeding, anode effects, and
depletion of dumina between feeds. Whilgt long term current efficiency data is important, the
ghort term variation is equaly important as even the smdlest gain in efficiency has a large

economic bendfit.
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As a result, more rgpid response methods of measuring current efficiency have been
investigated. The gas-andysi's techniques overcome the problems of obtaining short term data
and afast response time, and are described below.

2.4.2. Gas Analysis and the Pearson-Waddington Equation.

The bass for the gas anadyds method of measuring current efficiency was promoted by
Pearson and Waddington in 1947 [17]. They observed that the current efficiency was related
to the amount of carbon dioxide in the anode gas produced. This led to the well known
Pearson-Waddington (P-W) equetion for current efficiency:

Current Efficency % = %% CO content of anode gases) + 50 (2.233)

The assumption behind this equetion is that the main reaction 2.1 producing metal and the main
back reaction 2.14 reoxidisng metd are the only reactions occurring in the cdl. The PW
equation can be written in a different form due to the ratio of the gases formed in the main

forward and back reactions;
%CE = 1- 05(%COgs)) (2.23b)

and can dso be written to dlow for dilution of the anode gases, as may be the case in

laboratory cellswith acarrier gas.

€ yCO: u
%CE = 05+05 ' 223
° &yCO +yCO, ! (2230)

where yCO, and yCO are the fractions of those species in the total gas from the cell.

This ample equation dlowed the current efficiency to be determined by sampling the anode
gases from a particular anode, or from the exhaust duct of a cdl. The gas anayss technique
could vary, with samples andysed on ste if the equipment alowed, or later in a laboratory.
The current efficiency could be determined as frequently as gas samples could be taken. In
this way the performance of a cell could now be monitored through different events rather than

17
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just gaining a long term average measure.  As an gpproximation to the current efficency the
Pearson-Waddington equation is useful, as it amplifies the gas andyss required to only

determining the amount of carbon dioxide and/or carbon monoxide released.

The P-W equation is based on ratio of CO, to CO, and the assumption that the only reaction
dtering the CO,/CO rétio is dso the only reaction responsible for lowering the current
efficiency. However, the assumption of only the main reaction and back-reaction occurring
can eadly be chdlenged. There are many reactions that reduce the current efficiency without
affecting the CO./CO ratio, some that affect the CO,/CO ratio without affecting the current
efficiency and aso those which cause a change in both gas ratio and efficiency. Some of these
are liged in section 2.3 (Current Efficiency). In both metd shorting (reaction 2.18) and the
formation of duminium carbide (reaction 2.21) no gasis formed. The reduction of CO and
CO, and the oxidation of duminium carbide (reactions 2.19, 2.20, 2.22) dl dter the gasratio.
Some other important reactions between carbon, oxygen, CO, and CO are:

Cisanode) T COzg = 2CO(g (2.24)
2COg + Oz = 2C02q (2.25)
Cisanosg + Ozg = COxg) (2.26)
2Csan0de) T Ozg) = 2CO(g) (2.27)

Reaction 2.24, otherwise known as the Boudouard reaction, is consdered to play a very
important role as it can proceed in anoxic environments such as under the crust and under the
anode where the carbon dioxide is initidly formed. Figure 2.4 shows the equilibrium congtant
of the Boudouard reaction, indicating its extreme favourability at the temperatures encountered
in the cell. In fact, the reaction ill proceeds in a forward direction down to 702°C, so as
carbon dioxide bubbles are released and travel up the side of the anode they can il react
with the anode carbon. There is a decreasing temperature profile up the anode as shown in
Figure 2.6. The ddes of the anode may become eaten away in a concave manner, and the
anode gas may be partidly trapped or held in thisregion, increasing the possbility for reaction.
18
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Figure 2.4 Equilibrium constant for the Boudouard reaction.

Reactions 2.26 and 2.27 are important as they indicate that any anode carbon exposed to air
a a suitable temperature will react, increasing the amount of carbon used and aso dtering the
CO,/CO ratio. These two reactions are more significant at temperatures lower than for the

Boudouard reaction, as seenin Figure 2.5.
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Figure 2.5 Equilibrium Constant of Airburn Reactions 2.26 and 2.27.
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The forward equilibrium is very large for both reactions, dthough the formation of CO is
favoured at temperatures below 700°C. Figure 2.6 illustrates the temperature profile through

the anode, and the temperatures in the regions where carbon is exposed to air.

ELECTROLYSIS CELL REACTIONS / TEMPERATURES

AND MAIN INFLUENCES

CO, - BURN | AIR - BURN
39 )
/5 PN 200°C
L2 s, o3y ¢
ALUMINA 000 oooc i/AlR C + COZ = 2CO (o +0, = C02
700°C
960 * 20°C | 450 - 800°C
CRUST —= 800°C
‘ % 00°C 9 8oo’c CO, ~REACTIVITY | AIR ~ REACTIVITY
o PERMEABILITY | PERMEABILITY
FLUX —— p~ 40 mbar °{°°° I
v — TEMPERATURE
Co2 ; 980°C
I
ALUMlNUM—] -
Figure 2.6 Anode temperature profile and reactions, taken from Fischer and

Perruchoud [ 18] .

The temperature of the submerged carbon is above 800°C, where the Boudouard reaction will
be dominant. Carbon above the level d dectrolyte ranges in temperature up to 800°C,
athough the insulating frozen dectrolyte crust and dumina cover should ensure that carbon is
only exposed to air at temperatures below 600°C. In this zone above the eectrolyte only a
very smdl amount d CO will be formed by ar-burn (reaction 2.27) as CO; is the favoured

product at temperatures below 700°C (reaction 2.26).

CO formed dsawhere by the Boudouard reaction, direct eectrolysis or back reaction and
released through cracks and holes in the crust can burn with oxygen viareaction 2.25. The
thermodynamics of this reaction are favourable aso, and the combusgtion flames may cause

localised areas to have temperatures of up to 1300°C.

2.4.3. The Oxygen Balance Method.

An dternative gas analyss goproach to current efficiency determination was discussed by
Fellner et al. [19], who described the production of duminium by the following reaction:

ALO; + XC ® 2Al + (3-X)CO;, + (2x-3)CO (2.28)

20



2. Background and Theory

and gated that the current efficiency could be determined from the amount of oxygen evolved
bound in CO, and CO. According to the authors, it is not necessary to know the reaction
mechanism, or to what extent sde reactions occur, provided the total amount of gas is
determined. However, meta losses due to carbide formation or penetration into the crucible

are only partly accounted for by this method.

This pseudo-oxygen balance can be extended to utilise Faraday's law in a manner smilar to
the traditiond metd production measurements. If the main reaction 2.1 is consdered as two

haf reactions, then duminium meta is deposited at the cathode:

A|203(dissolved) + 6€ = 2A|(|) + 302 (229)

and the sacrificid carbon is oxidised a the anode:
3XC(sanode) +30% = 3CXO(g) + 6e (230)

Thus the oxygen liberated at the anode is not bound in any particular form. 1f a mass balance
of oxygen can determine the net production of oxygen by the cell, then this can be compared
to the theoretical oxygen according to Faraday’ s law, giving the current efficiency.

Figure 2.7 shows some of the mass baance considerations for acell. The mass balance must
include al sources of oxygen into and out of the cell. Thisiswhy the method used by Fdliner
et al. [19] is termed a pseudo-oxygen baance, as only the oxygen from CO and CO, was
considered. For atrue oxygen balance al the other sources of oxygen must be accounted for,

however minor.

21



2. Background and Theory
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Figure 2.7 Mass balance considerations around a cell.

With an indugtrid cell the largest source of oxygen is that in the pot-room air drafted through
the cdl into the duct. The anode gases added to this will be low in concentration, as the
drafting ar flow rate is much larger than the rate of anodic gas evacuation. Any product gas
leaving the cel other than in the duct (through hooding inefficiency or open doors and/or
hoods) must be accounted for, as must water vapour introduced with the feed dumina. The
moisture content of pot-room air must be accurately measured as it can vary over a short time
period due to weather conditions such as intermittent rain [20]. The carbon dioxide and
carbon monoxide content in pot-room ar may adso vary as a result of cell gases lesking out
into the potroom. The CO, and CO concentrations in the pot-room air are dso likely to be
higher than the atmospheric average.

The oxygen baance iminates the problems of dl the other anode reactions masking the true
current efficiency, as happens with the Pearson-Waddington equation and the pseudo- oxygen
baance. If the net cell oxygen and cdl current can be measured then the current efficiency
can be determined irrespective of the reactions occurring in the cell. The focus then shifts from
determining the reactions occurring to accurately measuring the gases produced in the cell, as
the accuracy of current efficiency determination is directly dependent on this. Rapid and
accurate mass spectrometric gas analyss and an oxygen baance are the basis of the current
efficiency method used in thisthess. The development of the method and its advantages and
disadvantages are given in chapters 3 and 5.
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2. Background and Theory

2.5. Factors Influencing Current Efficiency.

The numerous sudies of current efficiency can be classfied into three main types, and within
each avariety of methods have been used:

current efficency moddling,

measurements on laboratory cells,

measurements on indudtrid cdlls.
Virtudly dl of the process variables in a cdl, such as temperature, aumina concentration,
electrolyte composition, anode-cathode spacing and current densty, affect the current
efficiency. Thefindings of some of the sudies into the effects of these variables are reviewed.
In some cases there is good agreement about the conditions required for maximum current

efficiency, whilein other cases the findings differ.

2.5.1. Operating Temperature.

In practice cells are normaly operated at a temperature 10-15°C above the melting point of
the dectrolyte, this difference being referred to as “superheat”. Superhest is maintained to
ensure adequate dissolution of dumina and minimise the formation of undissolved dumina
dudge on the cathode. The energy to maintain the cdll temperature comes from the ohmic heet
generated in the eectrolyte between anode and cathode, and aso from the back reaction 2.14
which is exothermic. Additives to the dectrolyte lower the meting point, alowing better

control of the cdll temperature for more accurate heat baancing.

The regular process interruptions to the cdl such as dumina feeding, anode replacement and
setting, anode-cathode spacing dteration, metd tapping and anode effects mean that the
temperature may vary consderably. Table 2.2 summarises the findings of severa studies on
the effect of cdl temperature on current efficiency.
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2. Background and Theory

Table 2.2 Current Efficiency Dependence on Temperature.

Author Ref. D(CE) Comments
DT
(%/°C)
Fellneretal. (1969) 19 -0.10t0-0.12 Lab. Cell, gas analysis by
chromatography.
Castellanoet al. (1979) 21 negative Lab. Cell, gas analysis by chromatography
and absorption.
Lillebuenetal. (1980) 22 -0.06 t0-0.11 Back reaction rate calculation
-0.183t0-0.34 Soderberg cell, gas analysis, P-W
equation.
Fellneretal. (1984) 23 -0.075t0-0.35 Lab. cell, gas analysis by chromatography
and CO, absorption, P-W equation.
Grijotheimet al. (1987) 24 -012 Lab. cell, gas chromatography, P-W
equation.
Leroy et al. (1987) 25 -0.2t0-0.3 280KA prebaked cell, gas analysis by mass
spectrometry, oxygen balance.
Alcornetal. (1983) 26 -0174 HS Soderberg cell, gas chromatography,
modified P-W equation.
-0.23 V'S Soderberg cell.
-0.26 Prebake cell.
Dewing (1991) 27 -0.26 Industrial cells, gas analysis, P-W
equation.
Stevensetal. (1992) 28 -0.29 Industrial prebaked cells, radioisotope
dilution technique
Paulsenetal. (1993) 29 -0210.1 175kA prebake cells, gasanalysisby IR
spectrophotometer, P-W equation.
Solli et al. (1994) 30 -0.06 t0-0.16 Lab. cell, weight gain of metal pad.

All of these studies report a decrease in current efficiency with increasing temperature, and the

level of dependence is smilar. The trend is discussed by Kvande [31], and further papers

were reviewed [32] which covered arange of indudtrid cdls, al with smilar findings to those

above. Grjotheim et al. [33] reviewed severd earlier sudies on laboratory cdlls, of whichdl

but one reported temperature having a negative effect on current efficiency. The generdly

accepted explanation for this behaviour is the effect of temperature on the back reaction

between carbon dioxide and duminium. At consgtant cdll current the rate of the main reaction

forming duminium is not influenced by temperature. However as the solubility of duminium in
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2. Background and Theory

the dectrolyte increases with temperature, as shown in Figure 2.8, so does the rate of back
reaction. Therefore the ratio of forward to back reactions increases with temperature,

lowering the current efficiency.
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Figure 2.8 Effect of temperature on Al solubility for a NazAlF¢-4wt%Al,Os-5wt%CaF»-
OWt%AIF; electrolyte

2.5.2. Alumina Concentration.

The ided gtuation for feeding aumina would be continuous and at the same rate as the

eectrolytic reduction. Many improvements to dumina feeding have been made over time, with
modern technology dlowing frequent (<5 minutes) point feeding of small amounts (<5kg). In
the older technology cdlls are fed at intervas grester than 30 minutes gpart. Because of the
intermittent nature of dumina feeding, its concentration in the dectrolyte varies, with the am
being to keep within certain bounds. At high concentrations, saturation is reached and

undissolved dumina settles as dudge on the cathode. At low dumina content, the onset of

anode effect can occur. A disadvantage of electrolyte additives (discussed in section 2.5.3) is
that they al decrease the dumina solubility, making the operating window for dumina
concentration smaler and placing more emphasis on feeding strategy and control.
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2. Background and Theory

Because of the variaion in dumina concentration caused by the process dynamics, there have

been numerous sudies to determine the duminaleve for optimum cell performance.

Sevard ealier sudies on indudrid cells are reviewed by Grjothem et al. [34], with
inconsstent results. Severa studies showed currert efficiency increased when dumina was
added, and there were dso many findings of a current efficiency minimum, a 5-6 wt%Al,0s,
5 wt% , 7 wt% and 10 wt%. Two results showed current efficiency decreasng with
increesing dumina content, one showed no effect of aumina and another showed a current

efficiency maximum. More recent sudies, summarised in Table 2.3, are smilarly incons stent.

Table 2.3 Influence of dumina concentration on current efficiency.

Author Ref D(cE) Comments
D[ Al 203]

(%/wt%)
Grjotheim et al. 3H5 minimum at 3-7wt% Lab. cell, gas analysis by chromatography
(1972) Al,Oq and adsorption, P-W equation.
Poole and 36 3 (2-4wWt% Al,O,) 130 KA cells, Orsat anode gas analysis, P-
Etheridge (1977) W equation, 84-94 %CE.

1 (4-6 wt% AlL,Os)
Lillebuen et al. 2 0.8 Back reaction rate calculation.

1980

(1980) 0.05t0 0.567 Soderberg cell, gas analysis, P-W equation.
Lillebuen and 37 minimum at 4wt% Al,O; Mathematical model of back reaction using
Méellerud (1985) physical-chemical electrolyte data.
Leroy et al. 25 -2 (1.2-3.5wt% Al,O5) 280kA prebaked cell, gas analysis by mass
(1987) spectrometry, oxygen balance.
Alcornet al. 26 0.42 (2-4 wt% Al,O5) HS Soderberg cell, gas chromatography,
(1988) modified P-W equation.

0.64 (2-4 wt% Al,Os) V'S Soderberg cell.
0.25 (2-3 wt% Al,Os3) Prebaked cell with centre bar breaker.
0.19 (2-5 wt% Al,Os) Prebaked cell with point feeders.

0.375 (2-5 wt% Al,O5) Overal average value, corrected for the
effect of temperature.

Stevenset al. 28 -1.3 (with low statistical  Industrial prebaked cells, radioisotope
(1992) significance) dilution technique.
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Paulsen et al. 29 0.7+0.2 (1.5-6 wt% 175kA prebake cells, gas analysisby IR
(1993) Al,O3) spectrophotometer, P-W equation.
Sollietal. (1994) 30 0.0+0.2 (1.2-8 wt% Lab. cell, CE by weight gain of metal pad.
AlO;)
No influence Mathematical model.

Grjothem et al. [35] used a modified RW equation with gas samples taken & five minute
intervas. The current efficiency was measured after 45 minute start-up periods, but the time
period used to determine the average efficiency was not shown, neither was the change in
aumina concentration during each experiment. The plot of current efficiency vs dumina
concentration is reproduced in Figure 2.9, demondrating the trends found with differing

experimental conditions.

85

80

70

65

wt % Al;03

Figure2.9 Current efficiency vs alumina concentration, from Grjotheimet al. [ 35] .

The current efficiency showed a dear minimum, which was shifted to higher aumina contents
by the addition of CaF,. No explanaion was given for the shape of the current efficiency
curves, only the suggestion that it be somehow related to kinetic effects such as viscosity and
surface tendgon.  The current efficiency minima are around 67 wt% Al,Os, with the curves
extending up to nearly 12 wt%. While the dectrolyte compositions used in some smelters
dlowed high dumina contents in the past, modern eectrolytes mean the dumina range is
restricted to the lower end of the scde. Consdering the findings of Grjotheim et al. [35] and
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2. Background and Theory

the earlier researchers [34], the left hand Side of the current efficiency minimum curves show a
strong negative effect of aumina concentration.

Poole and Etheridge [36] found a definite increase in current efficiency with dumina
concentration, and recommended the alumina concentration to be kept high, in the 6-7wit%
range. They concluded that there must be a fundamental reationship between current

efficiency and aumina content, although no explanation was given.

Lillebuen et al. [22] moddled the current efficiency and found a strong positive effect of
aumina concentration, athough commented that severd steps in the modelling contained
condderable uncertainty. They discussed the solubilities of metd and gas, with a small
increase in the concentration of dissolved duminium giving a large increase in the dissolution
rate of carbon dioxide. Thiswas used as the bas's for assuming the dissolution of metal from
the cathode is the rate determining step in the back reaction, disregarding metd disperson in
the dectrolyte. The current efficiency vdues determined from indudrid cdls by ges
chromatography using the RW equation were 2-3% lower than the actua vaues by meta
production. This difference was attributed to the effect of the Boudouard reaction on the gas
compogtion. Only two experimenta runs were reported, where current efficiency was
averaged over each 0.5 wt% Al,O; range. A definite postive trend was shown by the first
run, but the second showed dmost no influence, with a coefficent of only
0.05%CE/Wt%Al,05.

Lillebuen and Médlerud [37] used the same moddling approach as Lillebuen et al. [22] and
introduced more recent physical data that included metad and gas solubilities, gas bubble szes
and eectrolyte properties. They cdculated the dissolved metal concentration to be
ggnificantly lower than the metd solubility, and it increased as the dumina concentration
decreased. They found a current efficiency minimum around 4 wt% Al,O3, shown in Figure
2.10.
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Figure2.10 Current Efficiency vs Alumina Concentration [ 37] .

One explanation for the current efficiency minimum was given by the authors in terms of gas
bubble sze. The metd solubility increases as the aumina concentration decreases as shown in
Figure 2.18, so the current efficiency would be expected to decrease in a corresponding

manner. However, as the alumina concentration decreases the bubble size increases, reducing
the gas-dectrolyte interfacid areato such an extent that the back reaction rate is reduced and
the current efficiency increases. The gas bubble retention time under the anodes and bubble
codescence are important factors, with the current efficiency minimum shifted to lower dumina

concentrations when the retention timeislonger.

Leroy and Pelekis [25] measured the current efficiency on 280kA prebaked anode cedlls using
mass spectrometric gas analysis and the oxygen balance method. They reported a current
efficiency decrease of 2% with each wt% increase in dumina, which was determined by
changing the feed to cdls. Figure 2.11 shows the result of rapidly decreasing the dumina
content in the dectrolyte, and Figure 2.12 shows the variations in current efficiency with
dternating underfeeding and overfeeding. From these figures it is quite clear that there was an
immediate response, with current efficiency increasing as the dumina was decreased and vice
versa over eech short time interval.  As these findings directly contradicted those of many
other researchers, the authors discussed the difference with reference to the Boudouard

reaction.
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They proposed that when the dumina concentration decreases, the contact surface between
the anode gas bubbles and the anode underside increases. This alows increased interdiffusion
between CO, in the anode gas bubbles and the CO produced by the Boudouard reaction in
the anode pores. Thus as anode effect is approached the CO content of the product gas will
increase. If the P-W equation is used thiswill trandate to a decrease in efficiency, whereas the
actud efficiency by the oxygen balance may be different. However no data on the amounts of
CO and CO, detected was given, and if Figure 2.12 is examined there appears to be along
term trend of increasing current efficiency with increesing dumina content.  Thus the current
efficdency - dumina concentration reationship is not as Smple as the authors suggest, indicating
there may be other factors involved. The temperature variations of the cell during dumina
feeding were not reported, therefore it is unclear what effect temperature had on the reported
current efficiency trends, bringing doubt into the vaidity of the findings.

Alcorn et al. [26] used gas chromatography and a modified RW equation to measure the
current efficiency on industrial horizontal stud and vertical stud Sderberg and prebaked cells.
The results for prebaked cdls are shown in Fgure 2.13, and for Soderberg cdlls in Fgure
2.14. The éectrolyte temperature is shown because it increases as the aumina content
decreases after each bresk and feed. The correlations between aumina concentration and
current efficiency were corrected for the temperature effect, and in each case the current

efficiency increased as the dumina concentration increased.
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Figure 2.13 Current efficiency of prebaked cells[26] .
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The Boudouard reaction and its effect on the current efficiency values was aso discussed.
The gas samples were taken through sted pipes through the anodes. When a pipe became
partialy blocked by frozen dectrolyte, then the Boudouard reaction became large and a
reduction the current efficiency was noted. However, this is an incorrect assumption
introduced by using the RW equation, because the Boudouard reaction does not affect the
current efficiency, only the CO/CO; ratio in the product gas.

Stevens et al. [28] reported a negative effect of dumina concentration on current efficiency
using the radioisotope dilution technique. The corrdation has low daisticad sgnificance as the
electrolyte was only sampled every four hours. The feeding cycle had a frequency of about 30

minutes, S0 the average dumina concentration was not adequately determined.

Paulsen et al. [29] determined the current efficiency on 175kA prebaked anode cdlls using an
IR spectrophotometer and the RW equation. They made measurements with the dumina
concentration both increasing and decreasing, achieved by dtering the feeding frequency so
the feed rate was above and below the theoreticad adumina consumption rate. In some
experiments the temperature was dlowed to vary, while in others it was kept constant by
adjusting the anode-cathode distance. The results are presented in Figure 2.16 and Figure
2.15.
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The gas samples in this sudy were dso taken through sted pipes through the anodes. The
current efficiency vaues by the gas andlysis method were 2 to 5% lower than the va ues based
on the amount of meta tapped, the difference attributed to the Boudouard reaction between
anode carbon dust and CO,. The current efficiency dso varied by up to 3% with different
anode pogtions, which was explained by variations in the mass trandfer rates and different
rates of Boudouard reaction. The findings here were in close agreement with those of Alcorn
et al. [26], who recommended that gas samples be taken from every anode rather than
selected anodes.

Slli et al. [30] used a laboratory scde cel to study current efficiency, determined by the
weight gain of the cathodic metd pad. The cell was designed to attain good convective
conditions and a flat duminium cathode surface for even current dengity digtribution. Both the
experimental measurements and the modd indicated no influence of dumina concentration on
current efficiency. The authors suggested that this was due to the very dight dependence of
the equilibrium activity of dissolved meta on the dumina concentration. Previous dumina
concentration - current efficiency correlations were discussed, dong with the posshility of the
erroneous use of the RW equation in some of them because of the CO produced by the

Boudouard reaction.

Grjothem et al. [38] discussed the loss of current efficiency at higher (above »6wt%) and
lower (below »3wt%) dumina concentrations. At high duminaleves they propose the loss of
current efficiency is controlled by the meta dissolution, because the metd solubility is lower.
At low dumina levels the loss of efficiency is controlled by gas dissolution because of the
reduced gas bubble surface area. They showed the bubble suface area decreased markedly
a around 4 wt% Al,Oz. Various modds were discussed, with most data indicating a metdl
solubility decrease and bubble surface area increase with increasing dumina concentration.
However the overdl findings of the models depend on the trestment of the bubble size effect
and the metd solubility data used.

Langon and Peyneau [39] supported the negetive effect of dumina on current efficiency found

by Leroy et al. [25], and reported current efficiencies for industrid cells with the dumina

concentration maintained at low levels. They described lowering the dumina concentration as
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having two effects on the reoxidation mechanism, being decreasing the solubility of CO, and

decreasing the total bubble surface area which accentuates the first effect dso.

Kvande [32] reviewed severd papers and made an interesting observation about the
contradicting dumina concentration-current efficiency findings. While there are more reports
of a pogtive effect of dumina, the indications are that the effect is only smdl. The strong
negative effect of duminafound by Leroy et al. [25] led to cells being operated at low dumina
levels. These cdls have given very high current efficiencies on along term bas's, dthough this
could be due to the stable cell contral, low dudge formation and controlled anode effect
frequency of these cdlls.

The mathematica modes show conflicting findings, and it is difficult to evauate which of the
assumptions made best represent the processes ingde acdl. Lillebuen et al. [22] showed a
drong postive influence of aumina concentration, yet when Lillebuen and Mdlerud [37]
reworked the modd with updated physical data they reported a current efficiency minimum.
Salli et al. [30] showed no influence of dumina concentration.

Only two of the sudies reviewed showed a negative influence of dumina concentration on
current efficiency. The findings of Stevens et al. [28] must be disregarded because of the
datisticad inggnificance, while those d Leroy et al. [25] are questionable because of the
uncertainty of how the temperature effect was accounted for, and aso because of the apparent
long term pogtive influence of dumina concentration on top of the short term negative effect.

The minima found by Grjothem et al. [35] could be interpreted as a negetive effect of dumina
concentration on current efficiency beow 67 wt% Al,O3, and a pogtive effect of dumina
concentration above this. However the indudtria cell studies of Poole and Etheridge [36],
Alcorn et al. [26] and Paulsen et al. [29] contradict this as dl found a postive effect of
aumina concentration on current efficiency over alumina concentration ranges below 6 wt%.
All of these studies used the RW eguation with various gas andyss techniques, and the
uncertainty introduced by this draws some doubt on the vdidity of the findings.

The laboratory study of Solli et al. [30] has a very sound experimental technique. While gas
andysis was not used and short term changes in curent efficiency with dumina concentration
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could not be reported, constant dumina concentration was maintained for 4 hour duration
experiments. This adlowed current efficiency to be determined with a low standard deviation
by the weight gain of the metal pad, avoiding the shortcomings of the studies that used the P-
W equation. The aumina concentration range was 1.2-8 wt%, which is wide enough to
diminate the posshility of a current efficency minimum. Although there are contradictions
between the different current efficiency modes, the modd in this study gave results directly
supporting the experimentad finding of no influence of dumina concentration on current
efficency.

2.5.3. Additives to the Electrolyte.

Aluminium fluoride, cacium fluoride, and sometimes magnesium fluoride and lithium fluoride
are the common electrolyte additives. Ther roleisto lower the melting point of the dectrolyte
asshown in Figure 2.17, dlowing a lower operating temperature which results in lower metal
solubility and therefore an expected increase in current efficiency.

Liguidus Temperature (°C)
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Figure 2.17 Electrolyte liquidus temperature as a function of additives[40] .

In addition, the presence of the additives themsdves lowers the metd solubility further,
illustrated in Figure 2.18. The effect of additives on current efficiency cannot be included with
temperature because of this dual effect.
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Figure 2.18 Aluminium solubility in cryolite at 970°C as a function of additives [41] .

Another correlation which gives smilar vaues of metd solubility and includes both temperature
and additive content was given by Y ashida and Dewing [42):

Algisoney(WI%) = —0.288 + 0.0003t + 0.027(BR) — 0.0019[CaF]
— 0.0036[LiF] — 0.0029[NaCl] (2.31)

wheret isthe temperature in °C, BR is the dectrolyte bath ratio and [CaF,], [LiF] and [NaCl]
are the concentrations of the additives in wt%. The authors included the effect of NaCl,
dthough thisis not a common additive. The BR term is the mogt sgnificant in this correlation.
As the BR decreases dissolved duminium decreases, thus the excess AlF; content is a
sgnificant factor in current efficiency, because the assumption is made that the back reaction of
dissolved Al isthe mgor current efficiency decreasing factor.

Other reasons for using additives include to decrease the vapour pressure and hence vapour
losses of the dectrolyte, and to increase the dectrical conductivity of the eectrolyte, improving
the energy efficiency [2].
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Aluminium Huoride

Aluminium fluoride is typicaly the largest volume additive to the dectrolyte in modern smdting
cdls. Wech [43] outlined some of the reasons behind changes in dectrolyte composition as
cel technology developed. As adumina feeding became more mechanised the limitations
imposed by dumina solubility were rdlaxed. This alowed higher excess AlF; contents, giving
lower eectrolyte temperatures and higher purity duminium. Impurities (M) are introduced by
the fluoride sdts (MF) in the ectrolyte by undergoing partia reduction according to reaction
2.32:

3MFgecroyte) + Al ® 3Min any + AlF 3gectrolyte) (2.32)

Even the most stable fluorides can introduce impurities above acceptable quadlity levels. Any
further reduction in liquidus temperature or other desired changes to the dectrolyte properties
without increasaing the impurity can be achieved by increasing the duminium fluoride content.

Some of the studies of the influence of duminium fluoride on current efficiency are summarised
in Table 2.4. For consgtency, cryalite ratio is the term used to represent the AlF; content of
the dectrolyte.

Table 2.4 Effect of cryadlite ratio on current efficiency.

Author Ref.  p(cE) Comments
(o)

(%/unit ratio)
Lewis (1967) 44 -8.25 10KA test cell, CR 2.6 and 3, CE 85-90%.
Fellner et al. 19 negative Lab. cell, gasanalysis by chromatography.
(1969)
Burck and Fern 45 -8 47KA cdls, CR 2.3t0 2.7, CE 85-88%.
(1971)
Grjotheimet al. 35 negative Lab. cell, gasanalysis by chromatography
(1972 and adsorption, P-W equation
Dewing 27 -8.2 at 86%CE Industrial cells, gas analysis, P-W equation.
(1991)

-5.6 at 90%CE

-4.7 at 92%CE
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Stevenset al. 28 -23.7 Industrial prebaked cells, radioisotope
(1992 dilution technique

(1.66%/Wt%xsAIF3)
Salli et al. 30 -4.2 & 980°C Lab. cell, CE by weight gain of metal pad.
(1994)

-5.2 at CR=3, 90%CE
-7.1aCR=2t025, CE

96 to 93%

Dorinetal. (1994) 46 -11 CR=3t022,CE Lab. cell, CE by weight gain of metal pad.
85-95%

Welch (2997) 43 negative Long-term smelter data, increased efficiency

with increased xsAlF;.

Kvande [31,32] aso reviewed severd papers, which al showed smilar results. The trend of
increesng current efficiency with increesng excess duminium fluoride content is undisputed,
and is generdly atributed to the decreased solubility of duminium in lower rétio dectrolytes.
The magnitude of the rdationship varies, dthough thisis likely to be due to the large variation
of conditions used in the studies, especidly between industrid and |aboratory cdlls.

Lithium Huoride.

Lithium fluoride has the largest freezing point depresson, and dong with lithium cryalite has
been used in many dectrolytes to dudy cdl peformance a low temperatures
[19,23,24,27,44,47]. Thetrue effect of LiF on current efficiency is not clear as any trend may
be masked by the effects of the lower temperature or other changes to the dectrolyte
composition, however some findings show little or no influence [32,47]. Other results show
current efficiency decreasing with LiF content [31], while Grjothem et al. [35] reported an
increasang efficiency with LiF additions. Aswell as lowering the temperature, the other main

advantage behind the use of LiF isthe increase in eectrolyte conductivity [44].

Cdcium Huoride.

Cdcium fluoride has been reported on with conflicting results, summarised in Table 2.5. It
appears that in laboratory studies there was a definite postive effect of cacium fluoride on
current efficiency, whereas in indudtrid cells there was no measurable influence. Solli [30]

suggested that in the indudrid cel sudies only a narow range of cacium fluoride
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concentrations were consdered, and the expected dight postive effect may in practice be
difficult to detect.

Table 2.5 Influence of calcium fluoride on current efficiency.

Author Ref. D(CE) Comments
D[ CaF 2]

(Y%6/Wt%)

Fellner et al. (1969) 19 positive  (0.73)  Lab. cell, gasanalysis by chromatography.

Griotheimetal. (1972) 35 positive Lab. cell, gas analysis by chromatography
and adsorption, P-W equation

Dewing (1991) 27 no influence Industrial cells, gasanalysis, P-W equation.

Stevenset al. (1992) 28 no influence Industrial prebaked cells, radioisotope

dilution technique

Paulsen et al. (1993) 29 noinfluence (- 175kA prebake cells, gasanalysisby IR
0.6t0+0.3) spectrophotometer, P-W equation.

Solli et al. (1994) 30 positive Lab. cell, weight gain of metal pad.

Magnesum Huoride.

Magnesum fluoride is rarely used in dectrolytes, and there is a correspondingly smdler
number of sudies on its influences. The results reported are in good agreement, with Fellner
et al. [19] showing the current efficiency increasing by 0.97% per wt% MgF, for alaboratory
cdl. In asubsequent paper Fellner et al. [23] again reported the positive effect of magnesum
fluoride on current efficiency in a laboratory cdl, which was attributed to the changed
physicochemica properties of the eectrolyte, particularly the metd solubility. Stevens et al.
[28] reported a coefficient of 4.8%CE per wt% MgF, for industria prebaked cels.
Grjothem et al. [34] reviewed severd earlier gudies which dl confirmed the addition of MgF,

increasing current efficiency.

2.5.4. Current Density.

The effect of changing the current dengty is difficult to determine because of the associated
changes in other varigbles of operation. If the cdl current is increased the ohmic hest
generation will be greater and will result in a mdting back of the frozen sde ledge, changing the
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bath ratio and leading to a larger metdl pad area. This can be compensated for by increasing
the anode-cathode spacing, but then the effect of current dengity aone is difficult to isolate.
Both Grjothem et al. [33] and Grjothem and Welch [15] describe the generally accepted
view that current efficiency increases as current densty increases provided the other variables
remain condant. This is because the rate of metd reoxidation is independent of current
dengty, wheress the rate of metal production is directly dependent on it. At higher current
dengties there is a greater irring effect of the eectrolyte from the grester bubble evolution,
which would indicate aloss of efficiency, however this may only become apparent at very high

current dengties.

Grjotheim [48] presented results for alaboratory cell usng Al-Cu cathodes. Gas analysis was
by chromatography, and the current efficiency was caculated usng the RW equation. They
showed a current efficiency maximum a about current density 1.6 A/c?.  Below this the
current efficiency decreased quite strongly with decreasing current density, agreeing with the
generd view. The drop in efficiency a the high current dendties may be due to excessive
eectrolyte mixing, as the current dendties are very high in comparison to those found
indudridly.

A dightly different picture was shown by Solli et al. [30], who found a smal decrease in
current efficiency as the current density dropped from 1.4 to 0.3 A/cm2, then arapid drop in
efficiency as the current dendty was decreased further. The same trend was found by both
experimental measurementsin alaboratory cdll and by a current efficiency model. This shaped

curve was Smilar to some of those reviewed by Grjotheim et al. [33].

2.5.5. Anode-Cathode Distance.

The anode cathode spacing or distance (ACD) is regularly adjusted in an indudtrid cdll. As
anodes are consumed the ACD increases, but this is reduced by periodicaly lowering the
anodes to maintain a certain ggp.  From an energy point of view it is advantageous to lower
the ACD, as it results in a Sgnificant reduction in the ohmic drop through the dectrolyte. The
influence of anode-cathode distance has been widdy investigated with quite reproducible
results. The generd findings are that above a criticdl ACD there is little or no influence of
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ACD on current efficiency. Bdow the critical ACD the current efficiency drops awvay. This
was shown by the papers reviewed by Grjotheim et al. [33], by Fellner et al. [23] for a
laboratory cdll, Dorin and Frazer [49] for a laboratory cell with wettable cathodes, and by
Fellner et al. [19] for alaboratory cel with low temperature eectrolyte. The findings of Dorin
and Frazer [49] are shown in Figure 2.19, indicating the nature of the rapid drop in efficiency
below the critical ACD.
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Figure 2.19 Current efficiency with anode-cathode distance [49] .

Grjothem et al. [48] showed the current efficiency increesang dightly with ACD in laboratory
cdls with Al-Cu cathodes. Lillebuen et al. [22] showed a general decrease in current
efficiency with decreasng ACD from a current efficiency -back reaction model. They gave no
evidence of a criticd ACD or a rapid drop off in efficiency. Solli et al. [30] showed no
influence of ACD above the criticd ACD. One data point, a the lowest ACD, was & a
sgnificantly lower current efficiency, and was defined as being below the critical ACD. It was
highlighted that the criticd ACD for a laboratory cdl, as in this case, is more defined and
gmdler than for an indudrid cell. This is because of the metd ingability due to meta pad
waves and the thicker anode gas bubbles present. Leroy et al. [25] and Alcorn et al. [26]
showed very amilar results for indudtrid cells. Leroy et al. showed the current efficiency
decreasing by about 0.7% per millimetre of ACD decrease below a criticd distance. Alcorn
et al. showed a strong decrease in current efficiency below 1.5 inch ACD, and a nearly
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congtant current efficiency above 1.75 inch ACD. The findings of these two <udies are
shownin Figure 2.20. The curve generated by Alcorn is described by equation 2.33.

CE% =95[1- 4exp(- 3772 ACD)] (2.33)
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Figure2.20 Current efficiency with ACD, taken from Alcorn et al. [ 26] .

While reducing the ACD has energy advantages, it is limited by the loss in current efficiency
and dso by cdl control implications at low ACD vaues.

2.6. Carbon Consumption.

In the main reaction producing duminium @.1), the molar ratio of duminium produced to
carbon consumed is 4:3. Therefore the theoreticad minimum carbon consumption per unit of

duminiumisgiven by:

mwe 3 12011 , 3

Carbon consumption === 269815 4

= 0:3339kgC / kgAl (2.34)

There are four mechanisms which increase the carbon consumption above this minimum. They
are;

1. Electrolytic production of carbon monoxide as shown in reaction 2.17,

2. Carbon dioxide burn of the anode carbon by the Boudouard reaction 2.24,
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3. Air burn of the exposed areas of the anode carbon by reactions 2.26 (and possibly to a
very minor extent 2.27),
4. Carbon dusting through erosion of the anode.

It has been shown [50] that the predominant reactions in the cell, being the main reaction 2.1,
eectrolytic formation of CO, reaction 2.17, and the main back reaction, 2.14, can be

combined as;

1 3 3 3
—Al203(dissolved) + — (1 + p)C(s,anode) ® Al(1) +— (2x- p- 1)CO2g) + —(1+ p- x)COyq)
2 4x 4x 2X
(2.35)
where X is the fractiond current efficiency from reaction 2.16, and p isthe fraction of current

carried by the dectrolytic formation of CO according to reaction 2.17. This dlows equation
2.34 to be rewritten as:

: . 03339
Electrolytic carbon consumption = T(1+ p) (2.36)

In other words, as the current efficiency drops and some of the current produces carbon

monoxide directly, the carbon consumption incresses from the minimum.

Carbon dusting occurs due to dfferentid reactivity of the anode carbon. The anodes are
made up of a mixture of grains of coke and recycled anodes butts, held together in a binder
matrix of coked pitch and coke dust. Carbon dioxide and air predominantly attack the binder

matrix, as seenin Figure 2.21.
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Figure 2.21 Anode composition and burning, from Fischer and Perruchoud [ 18] .

As the binder matrix is eroded away the grains may become detached, usudly collecting as

carbon dust floating on the electrolyte surface. Once there the carbon may react with any air

or with CO, asit emerges as bubbles from under the anodes.

The four main mechanisms of excess carbon consumption cause the actual consumption for

modern indudtrial cdlls to be 0.4 to 0.5 kg C per kg Al.  The contributions of these four

mechanisms, as wdl as that of the main reaction, 2.1, to the tota carbon consumption, is
shownin Table 2.6, from Grjotheim and Welch [51].

Table 2.6 Theoverdl consumption of an anode.

Reaction kg C per kg Al (88% CE) kg C per kg Al (94% CE)
Electrolytic CO, 0.374-0.372 0.353-0.350
Electrolytic CO 0.003 - 0.006 0.002 - 0.005
CO; burn (Boudouard) 0.015 - 0.030 0.014 - 0.028
Dusting 0.002 - 0.015 0.002 - 0.014
Air burn 0.030 - 0.080 0.028 - 0.075
Total 0.424 - 0.503 0.394 - 0.468
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2.7. Anode Effect.

The eectrode potentid required for the eéectrolytic production of carbon monoxide by
reaction 2.17 is 1.06V. While this is thermodynamicaly preferred, in practice the anode
polarisation discussed in section 2.2 raises the eectrode potentia above the 1.18V required
for the main reaction 2.1. Carbon monoxide formation becomes important in regions of low

current dendty such as the sdes of the anodes.

As dectrolyss proceeds and the alumina concentration decreases, the anode polarisation
increases. Once the alumina concentration decreases below a certain leve, the concentration
of oxygen containing ions decreases and there is a subsequent increase in the concentration of
fluoride ions near the anode.  As the anode polarisation increases beyond a certain level, the
anode critica current density for discharge of only oxygen containing anions is exceeded, and
eventudly fluorineis discharged at the anode from the decompasition of cryolite[52]. Carbon
tetrafluoride is evolved by reaction 2.37 at an eectrode potentia of 2.54V:

4 NaAlFs + 3C = 12NaF + 4Al + 3CF, E° =-254V (2.37)

and hexafluoroethane is evolved a 2.78V by reaction 2.38:

2NgAlFs + 2C = 6NaF + 2Al + CF E°=-2.78V (2.38)

The presence of the nonwetting fluoride gas film on the anodes increases the cdl resstance,
and as the current arcs across the gas layer the cdl voltage fluctuates wildly. The evolution of
CF, and GFs and the associated disruption to the cedll is known as “anode effect”. Anode
effect normaly arises a adumina concentrations between 0.5 and 2.2 wit%, with vdues
between 1 and 2 wt% being most common [53].

The occurrence of an anode effect is generdly defined by a sudden increase in cdl voltage,
ungtable conditions in the cdl with oscillating voltage and current arcing, and evolution of CF,
as wdll asthe carbon oxides [51]. For this study the onset of anode effect was defined asthe
point in time when the cdll voltage increased suddenly. The formation of perfluorocarbons at
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the beginning of anode effect, and the changing cell voltage during this period, are discussed in
chapter 8.

The exact mechanism at the onset of anode effect is the subject of debate. One posshility is
the production of carbonyl fluoride by reaction 2.39 at an electrode potentia of 1.86V:

2N&AlIFs + Al,O3 + 3C = 3COF, + 6NaF + 4Al E°=-1.86V (2.39)

While COF; has not been positively identified in anode gas, an observed voltametric pesk has
been assigned to the formation of this compound [54,55,56]. If COF, isformed it can react
with carbon giving CO and CF, by reaction 2.40, which has an equilibrium congtant K of 86.4
at 970°C.

2COF,+ C = 2CO + CF, (2.40)

Therefore the formation and subsequent decomposition of COF, could be a precursor to
anode effect by providing the initid CF4 gas film. The difficulty in identifying this gas may be
due to decomposition of COF, to C,F¢ (reaction 2.41), which has an equilibrium condant at
970°C of 1.17E-03.

3COF, + 2C = 3CO + CFs (2.41)

It may aso decompose by hydrolysis to form HF and CO, [57,58]:

COF; + H,O = CO; + 2HF (2.42)

The equilibrium condant for resction 2.42 is 4.15E+08 at 970°C, which increases to
1.18E+16 at 25°C. According to @ygérd et al. [59] COF, may aso decompose into CO,
and CF, by reaction 2.43, however the equilibrium congtant a 970°C is only 0.952, and
Amphlett et al. [60] reported the reaction taking 1 day at 1200°C with a nickel/platinum
catays.

2COF, = CO, + CF, (2.43)
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The formation of CF, was recognised as early as 1926 [61], and quantification of the product
gas composition during normd dectrolysis and anode effect was made by Henry and Holliday
[62,63]. They showed that CF, and C,Fs were only found in the product gas during anode
effect, none was present during norma eectrolyss, and the amount of C,Fs was very minor.

The awareness of the environmentd effects of CF, and other perfluorocarbons has spawned a
number of more recent studies on their emisson from duminium smeting cels [52, 64-68].
These studies have varioudy looked at Soderberg, prebake and laboratory cdls. All confirm
that under norma operating conditions CF, and C,F¢ are only emitted during anode effect.

This was shown clearly by Tabereaux and co-workers [52,64], who sampled gas from pipes
inserted into holesin individua anodes in prebaked cells and into wet paste in Soderberg cells.
Gas anadyss was made with a gas chromatogrgph and a gas chromatograph/mass
gpectrometer in single ion monitoring mode. The comparison of product gas compositions
from periods of norma cel operating conditions and anode effects showed the following
trends:
Normal conditions (prior to anode effect):
1. No PFCs (CF, or GFs) were detected being emitted in product gases preceding the
anode effects.
2. The average CO concentration was 17.9 = 6.7% and CO, concentration was 68.6 +
2.6%.
During anode effects:
1. Theaverage CF, concentration level was 8.8 = 1.4%.
2. The average C,Fs concentration level was 1.2 £ 1.2%.
3. The average CO content increased to 56.0 + 7.1% and CO, content decreased to 19.3 +
7.5%.
The change in product gas compadtion for an individual anode effect is shown in Fgure 2.22.
The anode effect was alowed to continue without termination. The upper plot shows the
anode gas with a 100% scae, demondtrating the decrease in CO, and increase in CO at the
gart of anode effect. The lower plot shows an expanded anode gas compostion range,
demondrating the rise in CF, concentration to a steedy level, and the rise and subsequent fall
in C,Fs concentration after only 3 minutes.
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Figure 2.22 Product gas composition changes during anode effect [52] .

Tabereaux [52] aso investigated the effect of anode shorting on PFC generation during anode
effect. Figure 2.23 shows the production of CF, and GFs during an anode effect as the
anodes were raised and lowered until the anode effect was terminated.  The generation of

C,Fs was amilar to that in Fgure 2.22, with the maximum concentration reached after 1
minute, then the concentration faling quickly. The CF, concentration clearly decreased as the
anodes were lowered, and increased as the anodes were raised. The author stated that if the
cdl voltage during anode effect remains dmost constant at about 30-40V, then short circuiting
does not occur indicating a stable resigtive film barrier on anodes. When this is the case the
generation of CF, is a a nearly congtant rate. When the voltage fluctuates erraticaly (from 3
to 35V) the resdtive film barrier is unstable and metal shorting to the anode occurs. Metd

shorting was suggested as the reason why there are such differing CF, emissons from different

anode effects, and in measurements made by different workers in other duminium smdters
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Figure 2.23 PFC generation with metal shorting during anode effect [52] .

Smilar reaults, if not quite as conclusve, were found by Berge et al. [65], who sampled duct
gas from both Soderberg and prebaked cells, and used a photo acoustic gas monitor for the
gas analyss. CF, evolution began immediately a the start of anode effect, when the cdl
voltage increased from the norma 4-5V to 10-40V. The CF, concentration pesked shortly
after anode effect started, then decreased as the anode effect proceeded. When norma cell
operation resumed the CF, concentration fell rgpidly back towards zero. The relative amount
of C,F¢ to CF, for Stderberg cells was 5%, and for prebaked cells was 16%.

Roberts and Ramsey [66] characterised the emissons of CF, and GFs from the common
exhaust duct of 40 cdls in an indudtrid potline using a process mass spectrometer. The
average emission rates were 0.2 kg CF4/tonne Al and 0.02 kg C,F¢/tonne Al, with very good
datisticd sgnificance. Once again tests showed that perfluorocarbons were not produced
during norma steedy- state operation, only during anode effect.

Kimmerle et al. [67] anadysed indudtrid cdl exhaust duct gas samples with a tunable diode
laser absorption spectrometer to determine the concentration of CF, and C,Fs. Two sampling
points covered groups of cdls operating with newer and older control technology. This
enabled comparison of specific PFC emissons between cdls with varigble anode effect
frequencies. For the older control technology the emission rates were 0.54 kg CF4/tonne Al
and 0.053 kg GFg/tonne Al, with the ratio of CF/C,Fs being 10.3. The emission rates for
the cells with new control technology were sgnificantly lower a 0.076 kgCF,/tonne Al and
0.0085 kgC,F¢/tonne Al, dthough the ratio of CF/C,Fs was Smilar & 89. The new cell
control technology reduced the number of anode effects by a factor of 3.5 through more
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frequent scanning of the cell voltage. The duration of anode effects was reduced by afactor of
about 2.3 through faster corrective action once an anode effect was detected. The CF,
emissions were reduced by a factor of 7 and GFs emissons by a factor of 6, a smdler

reduction because C,F; is only emitted in the early stages of an anode effect.

Nissen and Sadoway [68] studied the generation of PFC's in a laboratory scale cell. Gas
from around the anode was collected under a boron nitride hood and flushed from the cell with
argon or helium to an ontline gas chromatograph for anayss. The reaults showed the
presence of a critical current dengity above which the cell voltage rose sharply and the cell

went into anode effect. When the cdl current was maintained during anode effect the PFC
level was reatively stable. With a normd dectrolyte compostion PFC's were only emitted
when the cell was on anode effect, however when a bath ratio of 0.56 was used CF, was
meesured at low levels a norma cdl voltage i.e. in acdl not on anode effect. The measured
PFC leve varied linearly with current density, and PFC generation was continuous even & a
current dengity as low as 0.25 A/cn?. The generation of PFC’s a normal cell voltage with the
low ratio dectrolyte was rationdised by the higher fluoride activity than in conventiona
electrolytes.

Some of the environmentd consderations regarding CF, and C,Fs are discussed by
Tabereaux [52] and Nissen and Sadoway [68]. These PFC’s have been implicated in climate
change due to their high globa warming potentia (GWP), which is a combined measure of
their expected life in the amosphere and their infrared absorbing capacity.

Table 2.7 Globa warming potentia of PFC’s referenced to CO, [68].

Globa warming potentia (referenced against CO,)

Time horizon (years)

Compound | Lifetime (years) 20 100 500
CO; 200 1 1 1
CF,4 50,000 4,100 6,300 9,800
CoFs 10,000 8,200 12,500 19,100
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According to Tabereaux [52] the atmospheric concentration of CO, is 350,000 parts per
billion, while for CF, it is0.07 ppb and for C,F¢ it is 0.002 ppb. Thus CO; isby far the larger
contributor to globa warming, and athough the globa warming potentias of CF, and C,F are
s0 much larger than that of CO,, as seen in Table 2.7, tharr overdl impact toward globa

warming issmdl. However, the primary duminium industry is il asignificant source of globa
warming gases, and efforts are being made to reduce PFC emissons. In the U.S, the
Environmenta Protection Agency has teamed up with a number of duminium companies to
form the Voluntary Aluminum Industria Partnership (VAIP) Program. The VAIP is expected
to reduce the annud U.S. PFC emissions from duminium smelting by 45% from the 1990 leve

by the year 2000 [69].

2.8.  Sulfur Containing Emissions.

The typica sulfur content in calcined coke is 0.25 to 5.0 wt% [70], and the sulfur content in
modern anodes typicdly ranges from 2 to 4 wt%. The diminishing avalability of low sulfur
feedstocks and the higher sulfur content of petroleum coke from some of the newer ailfields
mean that the anode sulfur content is increasing. While the presence of sulfur in anodes does
not cause a serious problem to the electrochemical operation of cells, it isof mgor concernin

fume collection and scrubbing and environmenta pollution.

Grjotheim et al. [71] described reports that the sulfur in the anode carbon is in the form of
thiophene, C,H4S, which can directly take part in the dectrochemicd reduction of dumina by
severd reactions, forming COS, SO, and SO..

If sulfur is congdered chemically equivdent to carbon then the eectrochemicd formation of
COS theoreticaly would occur a a potentia below that for the formation of either CO or
CO,, according to reaction 2.44:

Al,O; + 3C + 35 = 3COS + 2Al E°(970°C) = -1.04V (2.44)

If COS does not form by an eectrochemica mechanism, then it can be formed chemicaly
because of the strongly favoured chemica equilibria of reactions 2.45 and 2.46:
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S+ CO, +C=COS+ CO K(970°C) = 4.44E+02 (2.45)

CO+S=CO0S K(970°C) = 4.57E+00 (2.46)

Although carbon dioxide is in contact with the anode, the reaction of sulfur with CO, to form
SO, and CO is not expected:

S+ 2C0, = S0, + 2CO K(970°C) = 3.84E-03 (2.47)

If SO, and SO; are formed eectrochemicaly, they are likely to react with carbon, forming
COs:

SO, + 2C = COS + CO K(970°C) = 8.98E+06 (2.48)

SO; + 2C = COS + CO, K(970°C) = 1.06E+15 (2.49)

According to Henry and Holliday [62], carbon disulfide may form from COS by reaction
2.50, dthough the equilibrium congtant is 0.237 at 970°C.

2COS = CO, + CS, K(970°C) = 2.37E-01 (2.50)

Sulfur dioxide is another sulfurous compound that is likely to be formed, especially if COS
reacts with oxygen according to reaction 2.51.:

COS+ 0, = S0, + CO (2.51)

The equilibrium congtant at 970°C is 4.55E+11, which increases as the temperature drops.

Therefore at the temperatures likely to be encountered when COS emerges from the
eectrolyte and crugt, if oxygen is present the formation of SO, is strongly favoured. CS;,
formed by reaction 2.50, isas0 likely to be smilarly oxidised to SO, by reaction 2.52, with an
equilibrium constant of 4.16E+38 a 970°C, which increases as the temperature decreases.

CS, + 30, = 250, + CO, (2.52)
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Henry and Holliday [62] took gas samples from both Soderberg and prebaked anode cells
during normd eectrolysis and anode effect, and made quaitative and quantitative andysis with
amass spectrometer. One set of samples were taken from within a stedl can mounted over a
hole in the frozen dectrolyte crust, and were designated ‘ dightly burned gas' as there was very
little exposure to oxygen. The second set of samples were taken from above open holesin the
crust, and were designated ‘ nearly completely burned gas' as there was significant exposure to
oxygen. For both cdl types, COS was the only sulfurous species in the dightly burned gas
during normd eectrolyss, and when the gas became burned SO, became dominant. During
anode effect COS and CS, were present in Smilar concentrations in the dightly burned gas,
wheress in the nearly completely burned gas SO, was the main sulfurous species. During
norma dectrolysis the concentration of CO, ishigh and causes the formation of COS through
reaction 2.50, while during anode effect the CO, concentration islower and causes CS; to be
formed. Sulfur dioxide is the dominant sulfurous species in the burned gas through the
oxidation of COS and CS; as seen in reactions 2.51 and 2.52.

Oedegard et al. [72] andysed the COS, CS, and SO, emissons from alaboratory cell usng
a gas chromatograph equipped with a flame emission detector.  Thermodynamic predictions
were aso made based on a series of reactions involving various sulfurous species. The
laboratory cell showed the gas production in the order of COS > SO, > CS,, which is
expected as the cell was maintained with an inert atmosphere so oxidation of COS to SO,
was not favoured, and was not run on anode effect so CS, was not favoured. The
thermodynamic predictions showed SO, preferred a 1250K and higher CO,/CO ratios,

otherwise COS was the mgor sulfur containing gas.

While the research described above showed the presence of COS in the cdll product gas,
generdly it was consdered unimportant relative to SO,, the dominant sulfurous species in
oxygen rich gas. However in 1995 Harnisch et d. [73] put forward evidence to suggest that
auminium amdting is a Sgnificant source of amospheric carbonyl sulfide. Thisisimportant as
COS has a long atmospheric life and reacts with water to form sulfuric acid which catalyses
reactions of ozone destruction. In a subsequent publication [74], an estimate was made of the
globd average emissions of environmentally harmful gases from duminium smdting. It was dso
edimated that in 1995 auminium production was responsble for about 6% of al COS
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emissions and about 20% of the anthropogenic share. Therefore, besides the photochemical
converson of anthropogenic CS,, duminium production is established as the second mgor
industria source of COS, probably exceeding the contributions of automotive tyre wear and
coa combustion.

The publications of Harnisch et al. [73,74] have raised the awareness of the importance of
sulfur behaviour in duminium amdting. Kimmerle et al. [75] measured COS, CS, and SO,
emissions from prebaked anode cells. A gas chromatograph-mass spectrometer was used for
the COS and CS; andyses, while ion chromatography was used for the SO,, for samples
taken from holes drilled in anodes. COS and SO, emissons were confirmed using tunesble
diode laser absorption spectrometry on samples taken from the common exhaust duct of 64
cdls. The results were smilar to those of Oedegard et al. [72], and showed that about 96%
of the sulfur in the anodes was emitted as SO, and only about 4% as COS. The gas sampled
directly from the anode had smilar levels of COS and CS,, but the gas sampled from the
exhaust duct had a COS/CS,; ratio of 50:1, indicating the CS, being oxidised by ar as it

moved from anode to duct.

The effect of anode sulfur content on eectrolytic carbon consumption has been studied over
the sulfur range found in typicad anodes. Sarlie et al. [76] reported no significant influence of
sulfur on carbon consumption, as seen in Figure 2.24, however in alater publication Kuang et
al. [77] found a very small decrease in dectrolytic carbon consumption with increasing anode
sulfur content. Therefore any benefit of increased sulfur content by reducing the carbon
consumption must be weighed up againg the harmful effects of the increased sulfurous
emissions created by the higher anode sulfur content.
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Figure 2.24 Total electrolytic carbon consumption (CC) and carbon gasification (CG)
as a function of anode sulfur content [ 76] .
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System.

The experimenta basis behind most of the findings reported in thisthesisisthe use of ardigble
gas andysis technique. This section describes some of the different techniques available, the
rationade for sdection of a quadrupole mass spectrometer, the theory of the technique used,
and the development of the overdl gas sampling and andlysis system.

3.1. Gas Analysis.

A gas andyss technique was required that could provide both quditative and quantitative
andyds. Quditative andys's was necessary to determine the various species present in the cell
gas when the cell was under various conditions.  Once the gas species were identified, the
andysis technique had to provide quantitative analyss so those gas concentrations could be
tracked. The technique had to dso dlow for quantification of severd gas Species
samultaneoudy, as a the least carbon dioxide, carbon monoxide and a purging carrier gas
would need to be andysed a the same time. This adds a further demand on the technique,
because when multiple gas species are being quantified, the technique mugt differentiste
between them. Another key feature required of the gas andysis was a fast reponse time, 0
that particular events occurring in the cell could be observed.

There are numerous gas analys's techniques available which are gppropriate for andyss of
andter off-gas. Berge et al. [65] summarised the advantages and disadvantages of severd
gas andyss ingruments, with particular focus on the ability to anadyse perfluorocarbons.
However the general characterigics are shown in Table 3.1, indicating the importance of
choosing an instrument that suits the intended gpplication.
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Table 3.1 Advantages and disadvantages of different gas andyss insruments [65].

I nstrument:

Advantages:

Disadvantages.

Infrared spectrometer

Interferencesin the
spectrum.

Large and heavy

FTIR-spectrometer has long
response time.

High price

Photo acoustic
spectrometer (B&K 1301)

Low weight.

Easy to transport.

Large data storage capacity.
Scans entire |R-spectrum.

Measures al IR-active gases.

Has interference difficulties.
Response time 2mins.

Influenced by magnetic
fidds.

Photo acoustic gas monitor
(B&K 1302)

Low weight.
Easy to transport.
Large data storage capacity.

Not influenced by magnetic
fields.

Response time 1 min.

Has interference difficulties.

Needs one optical filter to
measure each gas.

Mass spectrometer
(magnetic sector)

Analyses many gasesin the
same sample.

Low detection limit.

Response time 30 sec.

Molecular masses can
overlap.

Large and heavy.

High price.

No interferences.

Gas chromatograph Separates the gases before High detection limit.

MESUINg. Long response time 15 mins.
Micro gas chromatograph | Separates the gases before High detection limit.
(MTI-M200) measuring.

Response time 1 min.
Gas chromatograph/mass Separates the gases before Long response time 15 min.
spectrometer measuring. Largeand h

Low detection limit. High price.
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Mass Spectrometer Many gas species analysed. | Overlap of molecular masses.
(portable) Reatively inexpensive. Susceptible to magnetic
interference.

Small, light and portable.

A smadl size and ease of transport isimportant if measurements are to be made in the potroom
environment, whereas this is less important in the laboratory. Magnetic sector mass
spectrometers are large and heavy, and dthough smdler, more portable models are available,
the extremdy high resolution of ions is sacrificed in the smdler modds. Obvioudy any
instrument to be used in a potroom must not be affected by magnetic fieds.

The gas andysis technique sdected for use in this study was quadrupole mass spectrometry,
because this method best suited the requirements and had the least drawbacks. Some
advantages and disadvantages of the instrument are shown in Table 3.1. The quadrupole mass
spectrometer suited the requirements of being able to analyse many gases in the same sample
with a fagt response time.  This is important as the ability to measure current efficiency and
compare this to the variables in the cdl rdies on frequent gas andyss, because as the
frequency of sampling increases the uncertainty in current efficiency decresses. Although a
disadvantage of mass spectrometers is that there can be overlgp of molecular masses, the
technique has sufficient mass resolution to utilise the fragmentation patterns to differenticte
between gases. Another disadvantage with the particular instrument chosen isthe limited mass
range of 1-100 atomic mass units. This precludes direct analyss of gases with a molecular
meass above this, such as heavy hydrocarbons, however the fragmentation patterns of such
gpecies usudly mean they can be successfully analysed within the limited range. While some
quadrupole mass spectrometers such as magnetic sector instruments are large, heavy and
expendve, in this case a smdl, portable unit was chosen. This provided suitable andyssin the
laboratory, and aso satisfied the long term god which is able to be used in a smdter for
andysis on ared cdl. The characterigtics of quadrupole mass spectrometry are discussed
further in section 3.2,

3.2.  Quadrupole Mass Spectrometry.

The composition of a gas stream can be determined by residuad gas andyss (RGA) using a
guadrupole mass spectrometer. With RGA a smal trace of the tota gas stream is lesked into
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a vacuum chamber where the andysis takes place a high vacuum. The fundamentds of the
technique and instrumentation are described in this section.

3.2.1. Principal of Operation.

The quadrupole mass spectrometer (QMS) used here, as with all mass spectrometers, has
three stages of andyss. The stages of ionisation, separation and detection are illusrated in
Hgure 3.1.

1. lonisation 2. Separation 3. Detection

Filament U

o
- ot +4+ AN
LI ++ 7+
Neutral gas Positively @
molecules charged
ions

lon source Focus plate Quadrupole mass filter Faraday cup

Figure 3.1 Schematic of the ionisation, separation and detection stages of a quadrupole
mass spectrometer.

In the ionisation stage, dectrons from a heated filament source are drawn across the chamber
by a voltage, and at the low pressure some of the dectrons collide with gas molecules. The
impact of a high energy eectron may cause one or more eectrons to be gected from a
molecule, leaving a podtive ion. The ion may subsequently fragment giving a characteristic

pattern of smdler ions.

The focus plate arrangement prevents the ions from being collected a the surface of the
vacuum chamber by focussng and accderating them into the quadrupole mass filter. Here,
opposing pairs of pardld rods act as high pass and low passfilters, combining to form a band
pass filter. When a certain potentia is applied across the rods, only ions of a particular mass
range can pass through with a stable oscillating pattern.  All other ions will either escape
between the rods or be collected on them. The ion mass range can be made sufficiently
narrow to only transmit ions of the same mass/charge (m/e) vdue. Generdly, the larger the

ingrument the smdler the resolution between ions, in some cases down to fractions of an
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atomic mass unit. The portable instrument chosen here had a resolution of 1 atomic mass unit.
By varying the gpplied voltage, the entire m/e range is scanned, enabling separation of the ions

by mass.

The ions passing through the mass filter are detected as an ion current by the Faraday cup,
and, because the ion current is small, a high gain amplifier and an eectron multiplier are used to
megnify the sgna. Lever [78] showed that for the instrument used, the ion current is linearly
proportional to the partia pressure of the parent molecule a congtant tota pressure; the
congtant of proportiondity being the indrument sengtivity. The mass pectrometer, through an
interna calculation, converts the ion current to a partid pressure vaue a each mass/charge

ratio.

A detaled description of the three stages is given by Lever [78] for a Ametek Dycor
MAZ200M moded quadrupole mass spectrometer. The residual gas analyser used for this
study was a Ametek Dycor MA100M quadrupole mass spectrometer [79], which differed
from the modd described by Laver [78] in that it covered the range of 1-100 atomic mass
units rather than 1-200 units. The smaller mass range was sufficient for the andysisrequired in
this study because only smdl, low molecular weight species were being investigated.

3.2.2. Gas lonisation and Fragmentation.

The gas molecules in the ionisation stage may become ionised with different charges, and may
fragment into smdler ions. For example, the ionisation of carbon dioxide can yield ions of
CO," (m/e = 44), CO,** (m/e = 22), CO* (m/e = 28), O' (m/e = 16) and C' (m/e = 12).
Elements with natura isotopes will aso produce the corresponding ions, such as argon, which
has ions at m/e = 40 (Ar*), m/e = 20 (Ar*), as well as a m/e = 36 and m/e = 38 from the
isotopes. Molecule ionisation depends on particle dengity, electron emission current, electron
energy, materid and temperature of the filament, cross-section and path length for molecule
ionisation. Because of these factors, the reldive intendties of the different ions from a
particular compound may vary by +15% [80]. Any fragmentation data in the literature must
therefore be treasted with caution and used only as approximate because they are strongly
instrument dependent [81]. Table 3.2 gives the fragment ion relaive intengties, expressed asa
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percentage of the most intense peak, of the gases of interest to this study. This demonstrates
the different ion patterns from different ingruments. For example the main peak of argon isat
m/e = 40, and the fragment ions at m/e = 20 vary from 11 to 20% in intendty relative to the
main peak. Therefore the fragmentation patterns of the gases studied must be characterised
on the paticular ingrument to be used. Table 3.2 dso demonstrates the problem of
overlapping peaks in mass spectrometry. For example both carbon monoxide and nitrogen
have their main ion pesk a m/e = 28. Therefore in a mixture containing both of these gases,
the pesk a m/e = 28 will contain contributions from both species, which can make
quantification difficult.

Quantitative analys's can be made with a mass spectrometer by way of caibration. Astheion
current, and hence partid pressure, a a certain masscharge ratio is related to the gas
concentration, then the height of the partia pressure pesk will vary with gas concentration.

Gases of known concentration can be sampled, and the resulting partial pressure pesk heights
used to generate cdibration curves of mass spectrometer partial pressure vs actud gas
concentration. The cdibration equations can then be used to relate measured partid pressure
to gas concentration for gases sampled from the eectrolytic cell. Astheion current is linearly
proportional to partid pressure at constant total mass spectrometer chamber pressure, the
instrument must be operated at constant pressure. Therefore calibration must dso be made at
the beginning and conclusion of each experiment to ensure that any drift in tota pressure during
the experiment is accounted for.

An inert amosphere was maintained in the laboratory cdl to avoid oxidation of the exposed
carbon at the high temperatures encountered. Nitrogen is the usua choice for the flushing or
carier gas to maintain inert conditions because of its relatively low cost. However, as one of
the main gases of interest in this sudy was CO, nitrogen was unsuitable because of the
interference problem discussed above. Argon was chosen as the inert carrier gas as it has

peaks at m/e = 40 and 20, avoiding interference with any of the gases of interest.
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Table 3.2 Fragment ion pattern coefficients in quadrupole mass spectrometry.

Gas Mas | m/e | 12 14 16 17 18 19 20 25 28 29 31 32 34 40 44 50 60 69
S
Ref.
(07 32 80 25.7 100
82 7.1 100
83 5 3 100
79 11 100
N> 28 80 13.2 100 |1
82 515 100
83 5 100 |1
79 7 100 |1
Air 80 12 36 |02 0.8 0.2 100 | 0.9 20 13 0.2
79 6 3 100 27 1
CO 28 80 6.6 13 2.8 100 | 1.3 0.3
82 2 0.8 1 100 |1
83 5 1 2 100 |1
79 5 1 1 100 |1
CO, 44 80 11.8 17.4 17.5 100
82 17 4.8 13 100
83 2 6 7 100
79 6 9 11 100
Ar 40 80 20 100
82 20 100
83 16 100
79 11 100
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Gas Mas | m/le | 12 14 16 17 18 19 20 25 28 29 31 32 34 40 44 50 60 69

Ref.
CF, 88 83 7 4 5 1 12 100
84 4.9 11.8 100
COS | 60 83 6 8 59 3 100

Gas Mas | m/e | 10 11 16 19 28 31 32 38 44 47 48 49 50 64 66 68 76 78

Ref
COF, | 66 85 14 5 100 55
CS, 76 83 5 22 6 17 100 | 9
79 5 22 6 17 100 | 9
SO, 64 83 5 10 49 2 100 | 5
79 5 10 49 2 100 | 5
BF3 68 83 1 5 3 27 100 5
Gas Mas | m/e [ 12 19 24 31 32 39 48 50 64 67 69 83 86 89 100 | 102 105 | 107 | 119 | 138
s
Ref
CFs | 138 | 83 1 1 18 10 100 41
84 18.3 10.1 100 0.6 413 | 0.2
SOF, | 86 83 4 8 23 100 |5 56
SO,F, | 102 | 83 13 8 8 29 100 74
SOF, | 124 | 83 5 9 13 4 100 |5
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3.3. The Mass Spectrometer and Sample Inlet.

The resdud gas andyser used for this sudy was a Ametek Dycor MA100M quadrupole
mass spectrometer [79]. Thisingrument may be operated in either tabular or analogue mode.
In andogue mode the entire mass spectrum or a certain gpan within the mass spectrum is
scanned, and the partial pressure of the ions at each m/e ratio is displayed graphicaly.

Andogue mode is useful for identifying the various species present in a total gas sample, by
identifying the various peaks of a particular compound. In tabular mode, up to twelve m/e
ratios can be targeted and the partia pressure of those pesks are tabulated. Tabular modeis
useful for following the concentrations of particular gas species by recording the partia
pressure of known m/e pesks. The dwell time, the time the mass spectrometer measures ion
current at each m/e ratio, can be varied. Different dwell times give different rdeive errorsin
gas concentration. As dwel time is increased the noise in ion current decreases, however a
longer dwell time increases the scan time so the drift of total chamber pressure becomes
gonificant.  As the ion current to partid pressure rdationship is only linear a congant tota

pressure, any pressure drift introduces an error. There is a balance between the errors from
ion current noise and pressure drift, and Clover [20] determined that the minimum relative
error occurs with a dwell time of 250ms. With twelve channels used in tabular mode and a
dwell time of 250ms, each scan through dl channes takes gpproximately 35 seconds. Thus
the current efficiency, via gas analyss, could be determined a a frequency of nearly twice per
minute, much faster than many of the previous studies into current efficiency discussed in
section 2.5.

It is an operationa requirement that the filament in a mass spectrometer needs a low pressure
to minimise burn-out. Therefore the mass spectrometer needed a supporting vacuum pumping
system to achieve and maintain a high vacuum. Also, the higher the vacuum achieved, the
lower the basdine of residua gas in the vacuum chamber, and the higher the accuracy
andyds. A schematic of the vacuum system is shown in Figure 3.2.
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Figure 3.2 Schematic of the vacuum system.

The pumping sysem used was an Alcatedl combined rotary backing vacuum pump and
turbomolecular pump. This unit utilised an internd pressure sensor to automaticaly switch
from rough pumping to turbo-molecular pumping when the pressure became low enough. I
the pressure then increased above the level sutable for turbo-molecular pumping, awarning
indicator was triggered. The gate valve was again used so the vacuum chamber could be
isolated from the gas inlet when andysis was not being performed. This alowed a much lower
pressure during the “off” times, resulting in less wear on the mass spectrometer filament.
When gas andyss was performed the vave was opened to dlow the gas sample into the
chamber.

The gas inlet to the chamber was made with a capillary tube of smdl internd diameter. This
gave an adequate pressure drop, ensuring the pressure ingde the chamber remained a a
suitably low level for mass spectrometric analyss while allowing continua sampling of process
gas. Initidly a50um glass capillary tube was used, but it soon became gpparent that the glass
was damaged by the fluoride gases from the eectrolysis cel. The glass capillary was then
replaced with a 64um PEEK capillary tube, which proved successful as this polymer was
unaffected by the gases encountered. The cell gases were dso filtered, a discussion of thisis

given in the following section 3.4.
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The capillary was seded with graphite ferrules indde a cusom made fitting. When the fitting
was tightened, the graphite ferrules were compressed around the capillary tube, providing a
gas tight sed. Caution was needed as if the fitting was tightened too far, the PEEK capillary
could be crushed by the ferrules. To ensure the fitting was tight enough and air could not lesk
through between the graphite ferrules and the capillary, the system was legk tested with helium.
If alesk was present the system was tightened until the leak ceased.

Fgure 3.2 demondrates the gate vave in the closed postion, seding the chamber. When
opened, asmal volume of the total gas flow is continuoudy sampled through the capillary into

the vacuum chamber and the mass spectrometer.

3.4. Gas Flowrate Control and Determination.

To ensure accurate current efficiency determination, the mass spectrometer had to be
rigoroudy cdlibrated, and the gas flow rate through the cdll had to be determined accurately.
This was achieved through the use of two MKS type 1459C flow controllers, connected to a
MKStype 247C 4 channel readout unit.

The mass spectrometer was caibrated for carbon dioxide and carbon monoxide as these were
the gases that needed to be quantified for current efficiency determination. The cdibration
gases used were a CO,/Ar mix, a CO/Ar mix and pure Ar. The cdibration procedure
involved using the two flow controllers to vary the flows of both pure argon and the CO./Ar
mixture, which were then mixed prior to andyss by the mass spectrometer. Following the
CO,, cdlibration the routine was repesated using the CO/Ar mixture.

After cdibration, the gas from the reduction cell was anadysed as dectrolysis proceeded.
However another problem occurred with the PEEK capillary becoming blocked after
exposure to the cdl gas. Upon observation the gas appeared to be dightly smoky, and solid
deposits of condensed eectrolyte volatiles were left on the insde surface of the tubes carrying
the ges.

The cdl gas was filtered passng it through a samdl fluidised bed of dumina, which provided a
high contact surface area, effectively removing condensad fines and HF from the gas stream.
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Only +106um screened dumina was used S0 fines were not carried over to the following gas
tube and capillary inlet to the mass spectrometer. The dumina bed was supported on a
packed bed of 2-3 mm diameter dumina spheres, which acted as the gas digtribution for the
filter. A second packed bed of dumina spheres was held above the dumina to act as a
preliminary knock-out device in case of any surges or spouting. A small knock-out pot was
aso placed directly after the fuid bed filter to collect any fine dumina particles formed by
attrition and any solid materid knocked off the dumina. The dumina was oven dried before
use S0 there was no possible reaction between moisture in the dumina and the cell gases, and

fresh duminawas used for each experiment.

The fluidised bed filter appeared to remove dl trace of the volatile matter from the gas stream,
resulting in a cleaner gas downstream and diminating capillary blocking. The presence of the
aumina bed had no apparent effect on the detection of any of the gases of primary interest.
Roberts and Ramsey [66] showed conclusively that CF, and C,Fs do not undergo reactions
with aluming, by passng the gases through a fluidised bed of adumina and measuring the gas
concentrations before and after the bed with a mass spectrometer. Sulfur dioxide is adsorbed
onto duminain dry scrubbers [86-89], however it will desorb and be replaced on the surface
of the dumina by the preferentid adsorption of hydrogen fluoride. There are conflicting
reports on the reaction of carbonyl sulfide with dumina. Kimmele et al. [75] stated that there
was no decomposition of COS when smelter duct gas was passed through a dry scrubber,
whereas Utne et al. [90] reported an apparent decrease in the COS content of duct gas after
passing through the dry scrubber. The decrease was smdl and the samples before and after
the scrubber were not taken smultaneoudy, so doubt is drawn on the finding. Therefore if
there is any reaction of SO, and COS with scrubbing duming, it is very smdl indeed, and not
of sgnificance to the quditative findings regarding sulfurous gases in this study.

The flow of the carrier argon into the cdll was controlled with one of the flow controllers. The

flowrate of the gas from the cell could not be measured directly with the flow meters, as the

devices would not respond when looped together because of pressure drop difficulties. Also,

the flow meter method of operation requires knowledge of the gas composition, which was

continuoudy changing. However as the flow of argon into the cdl was accurately metered,

and the concentration of the argon in the gas from the cell could be determined, the tota flow
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from the cdll could be cdculated. If the flow was measured directly, and some of the gas
escaped prior to the measurement point, the gas leaking would not be accounted for. An
advantage of back-caculating the cell gas flow from the composition was that any gas lesking
was accounted for. By determining the flow indirectly, the assumption was made that any gas
lost had the same composition as the totd gas flow. Therefore the gas analysed was entirely
representative of the total gas flow, and 100% gas recovery was hot hecessary. However the
equipment was ill designed to diminate al possible sources of gas leskage.

A schematic of the gas flow system is shown in FHgure 3.3. The mass flow controllers were
connected to the readout display unit, from where the calibration factors for the various gases
and the desired flows could be didled in and verified on the display. Cdibration factors were
needed because of the different heat capacities of the gases relative to pure nitrogen. For
argon the factor was 2.78, for the Ar/CO, mixture it was 2.482 and for the Ar/CO mix it was
2.664. The end of the mass spectrometer inlet capillary was placed insde the gas tube to
sample asmall trace of the gas flow, the unsampled stream was collected by afume extraction

system.

Mass flow > To cell

controllers
‘t] Packed alumina spheres

Knock-out
pot
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Mass Spectrometer
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Figure 3.3 Schematic of the gas metering and filtering system.

3.5. Improvements to the Accuracy of Gas Analysis.

There were several aspects of the gas anadysis that were dtered to give an improvement to the

ovedl| accuracy of andyds. The firg of these was the levd of sedling in the vacuum system.
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As seen in Figure 3.2 there are many connections between the various fittings and pumps that
make up the vacuum system. All of these are a possible source of legking into the chamber. If
any of the connections are not sedled properly, then a smal lesk of air into the chamber will

result. This means that the background leve of al the peaks where air appears, especidly a
m/e = 28 (N,) and m/e = 32 (O,), will be devated. Figure 3.4 demongrates the calibration of
the mass spectrometer with poor sedling. CO, was calibrated for between scans 50 and 100,
and CO between scans 110 and 150. Up to scan 50 pure argon was sampled, and the traces
a m/e = 28 and 44 were at their basdine levels. When the CO, cdibration was started at
scan 50, the trace a m/e = 44 rose correspondingly, and showed step increases as the gas
concentration was stepped up. When the CO, cdibration was completed the partial pressure
decreased back to a basdline level. The CO, cdibration demondrates the difficulty introduced
by fragmentation. There was no CO in the CO, cdibration gas, however there was a
response of the peak a m/e = 28, due to the CO" fragment from CO,. During the CO
cdibration the trace of m/e = 28 showed step increases in a Smilar way to CO,. The poor
seding isillugrated by the high basdline of the m/e = 28 peak. As can be seen after scan 50, it
is difficult to resolve the increase in the partial pressure above the basdine. The accuracy of
andyssisdiminished as amdl changesin the partid pressure are masked by the large basdline

vdue.

1.0E-05
m/e = 40
1.0E-06 £
_ 3
S
o m/e = 44
3
A 10807 F
o E
o r L
< L
= | m/e = 28
I
o
1.0E-08 + o
LOEQ9 d—— v 4 e e
25 50 75 100 125 150 175

Scan Number

Figure 3.4 Mass spectrometer calibration with poor vacuum sealing.
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To enaure that dl lesks were found and seded, the vacuum system was legk tested with

helium. The contrast between poor and good vacuum sedling is demongtrated in Figure 3.5.
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Figure 3.5 Mass spectrometer calibration with good vacuum sealing.

The cdibration was again performed in the same order, with CO; firgt, then CO. Inthis case
the basdine level of m/e = 28 was ggnificantly more than an order of magnitude lower than
seenin Fgure 3.4. The increase in the partid pressure a m/e = 28 when the cdibration was
darted is clearly definable, and the ratio of sgnd intendty to basdine intendty was much
larger. Thereis dso a very smal response a m/e = 44 during the CO calibration, due to a
very minor CO, impurity in the CO cdibration gas mixture. This had no influence on the CO
cdibration, so was disregarded.

Figure 3.4 and Figure 3.5 demondrate the fragmentation of CO,, providing areading & m/e =
28. When only CO, was present, as with cdibration, this was not a problem. However when
both CO, and CO were present, as during the cdl gas anadlyss during eectrolyss, the sgnd
had to be resolved into the true contribution from CO and the extra contribution from

fragmented CO..

The cdibration agorithm developed firstly determined the equation of a polynomid calibration
curve fitted to the CO, partid pressure vs concentration data, and did the same for CO. It
also determined the fragmentation CO partial pressure “CO” at each CO, concentration, and
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3. Theory and Development of the Gas Analysis System

the ratio of “CO”/CO,. These curves areilludrated in Figure 3.6. The algorithm proceeded
to caculate the CO, concentration during electrolyss. The next step used the “CO’/CO,
ratio to determine the “CO” value, which was then subtracted from the gpparent CO partia
pressure, giving a corrected value. The find step calculated the CO concentration. The
cdibration agorithm and caculations are discussed in more detall in chapter 5.
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Figure 3.6 Calibration curves for the data displayed in Figure 3.5.

Initidly the ratio of “CO” to CO, partial pressures appeared to be nonlinear, dthough
investigation found this was due to the basdine levd of the sgnd & m/e = 28. At the lower
CO; concentrations, the relative amount of Sgna thet is basdline was larger, cregting a fse
trend. To account for this, the dgorithm was refined to subtract the basdine vaues from the
dgnds a m/e = 28 and 44 before calibration curves were plotted. The “CO”/CQO; rdtio,
when determined with the basdlines being subtracted, was constant across the concentration
range used, and was adways gpproximately 0.08. Thisisin comparison to the vaues seenin
Table 3.2, with the m/e = 28 fragment from CO, having an intengty ranging from 7 to 18%
relativeto m/e = 44.

Another advantage of subtracting the basdlines was that this took into account any variation in
the basdlines during the experiment. This was important because the basdline at m/e = 28 was
found to be different during cdibration and andysis of gas from the cell.
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3. Theory and Development of the Gas Analysis System

To further take account of any drift by the mass spectrometer during each experiment, the
cdibraion agorithm was extended to include cdibrations a both the start and end of the
experiment. After the basdlines were subtracted the two calibrations were expected to be
very close, and if there was a large discrepancy this was investigated. The gas concentrations
during te dectrolyss period were cdculated with both the starting and ending cdibration
equations, and then the concentration was interpolated from these.

It was noted that the basdline at m/e = 28 was often higher at the end of an experiment than at
the start. It was suspected that CO may have been adsorbing onto the surface of the metal
ingde the mass gpectrometer chamber over the duration of each experiment. To limit any
adsorption and make it congtant, an externa heating coil was placed around the mass
Spectrometer vacuum chamber, which maintained a temperature of approximately 70°C.

Experimentd data which dislays the problems of different basdines and a sgnificant
difference between cdlibrations is shown in Figure 3.7. The basdine at m/e = 28 was stable
during the firgt cdlibrations up to scan 150, but had increased by the time the second CO,
calibration was performed. Then during the second CO calibration, started at scan 350, there
was a huge increase n the basdine, and the cdibration was a partid pressures sgnificantly
higher than at the Sart of the experiment. This wasindicative of amgor lesk developing in the
vacuum system during the experiment, as the partid pressure of the Ar ion aso showed a step

increase.
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Figure 3.7 Mass spectrometer data with varying baseline values.
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3. Theory and Development of the Gas Analysis System

Fgure 3.8 shows the same data as Figure 3.5, dthough it is extended to cover the entire
experiment. The first cdibration was between scans 10 and 90, and the second was between
scans 250 and 330. Gas from through the cell was analysed starting at scan 100, and
eectrolysis was performed from scan 120 until anode effect occurred at scan 200.

The gability of the mass spectrometer is demongtrated by the smilarity between the first and
second calibrations.  Although the second cdibration was made to ensure that if the mass
spectrometer had drifted it could be accounted for, the cdlibration curves were amost
identicd. Also the basdine vaues remained a dmogt the same levels throughout the
experiment, indicating the success of heating the mass spectrometer to ensure this. When
comparison is made with the data in Figure 3.7 it can be seen that the mass spectrometer is

much more sable in its operation and andysis.
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Figure 3.8 Mass spectrometer data for an entire experiment.

This chapter has described the desired gas analysis properties, and how a quadrupole mass
gpectrometer was chosen to meet them. The gas andysis system was designed to alow
sampling with a fast regponse time and frequent andlyss. Rigorous cdibration and easy
changing between cdibration and andyss were possible. The system was refined to improve
the andlysis by dtering the physica components and by changing the mass spectrometer data
meanipulation agorithm.
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System.

An experimenta system was designed to dlow eectrolyss with suitable control of variables
such as current dengity and anode-cathode spacing. The system had to dlow for capture of
the cdl product gas, and access to the eectrolyte for samples to be taken. Data acquigition
was incorporated to collect the desired measurements such as temperature, cell voltage and

current, and the mass spectrometric readings from the gas andlysis.

4.1. Experimental Cell.

The cell conssted of a graphite crucible and a carbon anode, housed in an inconel container

placed insde afurnace.

The graphite crucible (Donald Brown and Co. Auckland, NZ) was used to contain the
electrolyte and act as the cathode. A new anode was used for each experiment to ensure the
condition of the anode was not a variable that could affect the current efficiency. The anodes
were machined from a spent anode butt obtained from New Zedland Aluminium Smelters Ltd
(Tiwa Point, NZ), and were suspended into the eectrolyte from above. A cylindricd boron
nitride shiddd (Boride Ceramics and Compostes Ltd, Kent, UK) was placed insde the
crucible to shidd the sde wadls, defining the cathode area to the base of the crucible only.

This made the geometry closer to that of ared cdl, and aso increased the cathode current
dendity. Another piece of boron nitride (from the same suppliers) was placed over the top and
sdes of the anode. This limited the amount of vertica anode area exposed to the eectrolyte,
increasing the anode current density, and aso limited reaction between the anode gases
formed and the exposed anode carbon. The dimensions of the crucible, anode and boron

nitride piecesare givenin Figure 4.1.
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The ggnificant difference between the cdl from this laboratory and those used in many
previous studies is the larger size [19,21,30,35,91]. The larger crucible alowed a greater
volume of dectrolyte to be contained, so longer dectrolyss times before anode effect were
possble. With an effective cathode diameter of 110 mm and the large anode, much higher
currents could be used than in the past without giving excessve current dendties.  For
example, a current of 75 amps gave an anode current density of 1.107 A/cnf? and a cathode
current density of 0.789 A/en?. This lies within the typical range of anode current density
found in prebaked anode industria cells of 0.7 to 1.2 A/cn? [92]. The higher current meant
that larger volumes of off-gases were produced, which improved the gas andyss.

The current was supplied by a Hewlett Packard DC Power Supply System 6672A. Thiswas
a digital, programmable DC power supply, capable of 320 V and 0-100 A. The power
supply had a programming accuracy of 20 mV and 60 mA, and aresolution of 5 mV and 25
mA. Two identical power supplies were connected in series, giving a capability of 0-40 V and
0-100 A. This alowed a higher voltage during anode effect, so the anode effects would be

more Smilar to the occurrencein red cdls.
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Figure 4.1 Dimensions of the crucible, anode and boron nitride inserts
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The anode boron nitride cap had a smdl angled section where it overhung the edge of the
anode. This dlowed bubbles to be released without being trapped under the boron nitride,
which could have resulted in reaction between the gas and anode carbon. The anode cap was
very durable as only a smal part was placed into the molten dectrolyte. The mgority of the
cap only exposed to the high temperature inert gaseous amosphere above the eectrolyte.

The cathode boron nitride shield, athough mostly submerged into the molten dectrolyte, was
adso very durdble 1t was usad for more than thirty five experiments before it faled by

cracking in a circular nature around the level of the dectrolyte surface. Both pieces of boron
nitride were heated very dowly to 1000°C in an inert amosphere to prevent thermal cracking,
before being used in contact with molten electrolyte.

The crucible had two holes through the wadls, near the top and on oppodte sides. This
dlowed it to be picked up from insde the furnace container with a pair of tongs while at the
cell operating temperature.  The cathode boron nitride insert could then be retrieved and the
molten electrolyte poured out a the concluson of each experiment, preventing the boron

nitride from being frozen into the crucible and dlowing it to be re-used.

The cdl was housed in ametd container (incond aloy 600, Sandvik Audtralia) that fitted into
the heating chamber of the furnace. This dloy was used as it is resstant to corrosion a the
high temperatures and corrosive gases generated. The furnace container was closed with alid,
and a gas tight sed was made with a high temperature slicone oring. Water cooling was
provided on the top of the lid and on the underside of the container flange to ensure the o-ring

was not overheated and the sedl remained intact.

The anode was suspended into the eectrolyte from the lid above, which dso had fittings for a
thermocouple (measurement of eectrolyte temperatures), the dectricd connection to the
cathode, and an access port for eectrolyte sampling. The anode and cathode connecting
tubes dso had thermocouples placed down the insde, providing temperature measurement

from near the centre of the anode and at the top of the crucible wall, as seenin Figure 4.1.

The underside of the furnace lid was insulated with refractory to reduce hest losses through the
lid, and aso to reduce the outer surface temperature of the lid for safer handling. The anode,
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cathode and thermocouple fittings through the lid were swagdock fittings with teflon inserts,
which meant the anode and cathode shafts and the thermocouple could be moved up and
down while maintaining agastight sed. The gasin and gas out fittings were swage ock fittings
with meta inserts which provided a gas tight sed in a fixed postion. The gas inlet pipe
extended down to just above the top of the crucible, whereas the gas outlet pipe only just
protruded through the lid, as seen schematicdly in Figure 4.2. This was to ensure that the
gases produced by reaction at the anode were not trapped at the bottom of the furnace
container and that the argon flushing gas did collect and remove them. The port for dectrolyte
sampling was seded with arubber o-ring, and could be opened and closed when required.

bomemem e + Power

_ Gas =~ Supply
Sampling out

O-ring

Thermocouples

<— Inconel container

Electrolyte

Figure 4.2 Schematic of the furnace container, lid, anode and crucible.

A top view of thelid is shown in Figure 4.3. The anodefitting was placed in the centre of the
lid, and the cathode fitting was placed at the correct spacing to drop into the hole in the middle
of the crucible wall. Both the thermocouple fitting and the sampling port were placed to be
above the middle of the gap between the two pieces of boron nitride, so the eectrolyte was

accessble.

Cooling water flowed through a copper pipe which was brazed onto the lid, ensuring good
contact and heeat transfer. The pipe passed around the centre of the lid to help keep the
temperature to a safe level. There were two handles on the outsde of the lid to alow easy

77



4. Design and Operation of the Experimental System

remova from the furnace container, especidly when the cell was a operating temperature.
The lid was fastened on the furnace container through holes around the perimeter, which made
certain that the o-ring was seded around the whole lid. There was aso a earth lead attached
to thelid, so that it was eectricaly safe in case of any short circuit from the furnace.

O-ring on Handle
underside

Earth contact . )
______ _ Cathode connection

Thermocouple
Anode connection

Cooling water
-
Sampling port:
pingp Gas outlet

5 mm Brass plate

P —

Holes for fastening lid
onto furnace container

Figure 4.3 Top view of the furnace lid.

The experimenta cell was heated in a custom-built stand aone furnace, shown schemdticdly in
Figure 4.4 (Engineering Workshop, The University of Auckland). The furnace was dectricaly
powered and conssted of eght slicon carbide resstance heating glo-bars (Kanthal
Corporation, Perth, Scotland) oriented vertically around a cylindrica chamber. The chamber
was built of refractory bricks, surrounded by a layer of insulating glass wool, and was
contained in a sted frame. The furnace had cooling water pipes around the sides of the frame,
and around the eectrical connections to the heating elements at both the top and base of the
chamber. The furnace container was placed inside the chamber upon a layer of refractory
brick.

The temperature was measured with a thermocouple which was placed through the furnace

wadll to the outsgde of the base of the furnace container. The furnace was controlled with an
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EMC type 483 programmable controller. This dlowed programs of up to 9x consecutive
stages, each stage congsting of a temperature ramping speed, a desired target temperature
and aholding time at that temperature.

In norma operation, only one stage of programming was used. The furnace was hested
dowly to operating emperature over a period of more than twelve hours, was held at the
operating temperature until the experiment was completed, and was then switched off and

alowed to cool down dowly to room temperature.
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Figure 4.4 The furnace and inconel container.

4.2. Data Acquisition.

The data acquisition was made with the use of two computers, one to record the mass
spectrometer data and the other to record the other data from the gas flow controllers and the

eectrolysscdl. A schemétic of the data acquistion isgiven in Figure 4.5.
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Figure 4.5 Schematic of the data acquisition.

The mass spectrometer was controlled by, and the data recorded by, a program custom

written for the Quick BASIC Verson 4 program language [20]. Communication between the
computer and mass spectrometer was via the RS-232C interface. The program was used to
check the on/off state of the mass spectrometer filament, specify the m/e retios to be anaysed,
the dwell time for the andys's, and the starting and ending times of the andysis. The datawas
recorded to a file in a tabular mode, listing the scan number, total pressure insde the mass
spectrometer chamber, and the partid pressure a the twelve m/e ratios, for each successve
scan.  The program aso displayed grephicaly in red time the partia pressure of four of the
channdls. The channels could be selected and changed when required, and the vertical scales
could be altered to provide a better display of the data asit varied.

The rest of the data was taken using the Keithly Metrabyte system of an EXP-16 expansion
board for millivolt Sgnds, an STA-16 board for volt sgnas, a DAS16-G1 card insde the
computer, and the LabTech Notebook data acquisition program. The type of signd and find

derived measurement for the different devices are shown in Table 4.1.
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Table4.1 Sgna Measurement and Cdculation.

Device Signad | Derived Measurement
Anode thermocouple mv °C
Cathode thermocouple mvV °C
Electrolyte thermocouple mvV °C
Furnace thermocouple mvV °C
Cell current mvV A
Cdl voltage \Y, \Y,
Flow controller 1 \% [/min
Flow controller 2 V [/min

The thermocouples were K type, and the signals were taken directly into the EXP-16 board.
The converson to degrees Celsus was made by the thermocouple cdibration tables in

LabTech Notebook.

The cdl current was caculated by measuring the voltage drop across a shunt resistor placed
on the cathode side of the dectrica circuit, and dividing this by the resstance of the shunt.
The shunt was placed on the cathode side of the circuit because this side was where the circuit
was earthed. If placed on the anode side, the entire cell current could find an dternative earth
through the data acquisition cards and the earth of the computer.

The cdll voltage was measured with contacts at the top of the anode and cathode connecting
shafts. Therefore the measurement aso included the voltage drop across the length of those
meta tubes, as well as across the contact between them and the anode and cathode
respectively. The anode hole was threaded with a ¥ inch UNF thread, and was wound onto
the corresponding thread on the end of the connecting shaft. To improve the eectrica
contact, graphite powder was placed around the thread first. The cathode connection was
made by pushing the connecting sheft into a hole in the top of the side wall of the crucible.
With time this hole became worn and dightly enlarged, and the dectricad connection
deteriorated. Therefore savera new holes were machined, and used for successive groups of

experiments.
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The gas flowrate from the two flow controllers was determined by measuring the voltage
output that the controllers sent to the readout unit. The voltage was then multiplied by the
cdibration factor corresponding to the gas concentration at that time. The sgnas between the
flow controllers and the readout unit were carried by factory supplied cables. An intermediate
connection was made which alowed access to the plug pins that carried the voltage sgnd

corresponding to flowrate.

As discussed previoudy, when the mass pectrometer was operated with twelve channds
having a dwell time of 250 ms each, the time to complete 1 scan was 35 /5 seconds. In order
for the data collected through the DAS card into the second computer to be synchronised with
the mass spectrometer cita, LabTech Notebook was programmed to acquire data at the
same sampling rate. To achieve this, the Sgnas were measured a a rate 3 Hz, and block

averages were calculated over 165 measurements, a frequency of 0.0283 Hz.

The data acquisition programs on the two computers were initiated Smultaneoudy at the start
of each experiment. The difference in sampling frequencies between the two computers was
small enough that after 5 hours of sampling, the difference in samples was less than 2 seconds,

much less than the sample period of 35 /3 seconds.

The overdl experimental system worked effectively, dlowing experiments to be carried out
investigating the influence of cell variables on current efficiency, the gases produced during
different sages of dectrolyss and anode effect, the changing cdl voltage during eectrolyss,
and a0 the characterigtic behaviour of the cell itsdlf. Possble future modifications could
include an dumina feeding gpparatus to dlow very dow continuous feeding into the eectrolyte
during dectrolyss. This would mean tha eectrolysis could be carried out for longer periods
with smdler changes in dumina concentration before the occurrence of anode effect and

termination of messurements.
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5. Current Efficiency Determination Algorithm.

This section describes in more detall the agorithm that is used to cdculate current efficiency
from the initia mass spectrometer data The assumptions made and justification of them are
discussed, and the accuracy of current efficiency is verified through crosschecking. The
agorithm is broken into the stages of cdibration, determining gas concentrations and findly the
oxygen balance to determine the current efficiency.

5.1. Mass Spectrometer Calibration.

The mass spectrometer data collected for each experiment consisted of the partia pressure at
twelve different m/e ratios recorded every 35 seconds. The m/e ratios of interest to current
efficiency caculation are 40, 44 and 28 corresponding to argon, carbon dioxide and carbon
monoxide respectively. The other channels were used to monitor other gases of interest, such
as those produced during anode effect, which is discussed in chapter 8. An example of the
data relevant to current efficiency isshown in Figure 5.1.

1.0E-05F
; m/e = 40

1.0E-06

AT = A
v N i
A\

1.0E-09

Partial Pressure (torr

Calibration Electrolysis Calibration
LOE-10 Pl e e

0 50 100 150 200 250 300 350
Scan Number

Figure 5.1 Mass spectrometer data for an entire experiment.
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CO and CO, were the only gases quantified for the modified oxygen baance because gas
monitoring of other oxygen containing species indicated that responses were ether not
detected or were at such alow and congtant level that there would be no noticesble effect on
the measured current efficiency.

The delay time to measure a step change in the concentration of these gases was less than one
scan, or 35 seconds, as seen in Figure 5.1, when there were definite steps during the
cdibration sage. The delay time when the gases were passed through the eectrolyss cell was
gl less than one scan, as shown by the response a the sart of the eectrolysis stage of each

experimen.

The cdibration was made by mixing the cdibraion gases, giving different CO, and CO
concentrations which were sampled for a number of scans. The calibration gases were 20 +
0.2 mol% CO, (balance argon), 20 + 0.2 mol% CO (balance argon), and pure argon. They
were mixed with the flow controllers, which had a range of 0-10 |/min, with an accuracy of +

1% of flow, repeatability of + 0.02 I/min and resolution of 0.01 I/min.

The flows were varied as follows to obtain cdibration points up to 20 mol% CO, or CO:

Table5.1 Gascdibration flowrates.

Ar CO./Ar or Totd flow Ar CO, or CO
CO/Ar
[/min [/min [/min mol% mol%
1.0 0 1.0 100 0
4.5 0.5 5.0 98 2
2.0 0.5 25 9% 4
15 0.5 2.0 95 5
117 0.5 167 A9 6
0.75 0.5 125 2 8
0.5 0.5 1.0 90 10
0.33 1.0 133 85 15
0 1.0 1.0 80 20
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Between 2 and 10 mol% CO, or CO the argon flow was varied and the mixture flow held
congtant so that only one of the flows had to be atered between cdibration points, meaning a
faster change of gas concentration and finer definition in the gas analyss.

Synchronous gas flow rate and mass spectrometer partial pressure data were recorded, which
enabled the actua gas concentration at each cdibration point to be plotted againgt the partia
pressure reading. The mass spectrometer variability at a constant gas concentration was
tested by performing cdibrations for extended periods, and cdculating the deviation around
the mean reading. The standard deviaion in partid pressure, when trandated into gas
concentrations, was = 0.35% of the CO, concentration value and + 0.17% of the CO

concentration value.

Polynomid curves were fitted to the cdibration data, generating calibration equations of the

form:
y=a+ bx+ cx? (5.1)

wherey is the gas concentration (mol fraction), x is the partial pressure (torr, corrected in the
case of CO) and a, b, and ¢ are condants. The curves for the sarting cdibrations of the

experimental data above are shown in Figure 5.2.
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Figure 5.2 Calibration curves of the starting calibration data in Figure 5.1.
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The cdibration equation congtants of the curves above are given in Table 5.2. The congtants
for the cdibration curves of the ending cdibration are dso given. The high ¢ coefficients
indicate the very good fits made through the calibration data, and are typica of the vaues for
al experiments.

Table5.2 Cdibration curve constants.

a b c r
CO; start -0.004369 376436 -6.8374E+10 0.9996
finish -0.006380 390462 -8.0780E+10 0.9990
CO start -0.005205 346602 -7.7966E+10 0.9988
finish -0.004851 344240 -7.0385E+10 0.9989

5.2.  Product Gas Concentration.

The cdibration equations were gpplied to the data during dectrolyss, generating curves of gas
concentration vstime asshown in Figure 5.3. The horizonta axis has been changed from scan
number to time to indicate the actua duration of eectrolyss, and adso to better define the
electrolyss sarting point.

The gas concentrations determined during eectrolysis had a generd pattern of increasing as
electrolyss was sarted, proceeding with some minor variation until anode effect occurred, the
falling away as the cdll current dropped The gas concentrations took about 5 minutes to build
up to a steady concentration, and dropped rapidly when anode effect occurred in the cell after
46 minutes of dectrolyss.

Fgure 5.3 dso demondtrates the rapid response of the gas andys's, with gas concentrations
given approximately every 35 seconds. The concentrations vary from point to point, however
the variation issmdl and overal trends are ill apparent.

A feature of the product gas concentrations is the saw-tooth type variation in both CO and
CO,. Invedtigations were made to determine if this point-to-point variation was red or was
due to the experimental technique. There was some smdl variation in the argon flow signd, as
mentioned earlier, however this measurement had no impact on the CO and CO,
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concentration variations seen above as it was not part of the cdculation. The argon flowrate
variation did impact on the current efficiency caculaions, and is discussed later in section 5.3.
The gas bubble release frequency from under the anode was measured to see if it was of
gmilar magnitude to the gas analyss frequency, and a possible source of noise. The bubble
rdease frequency was determined by measuring the cdl voltage with a fast sampling
frequency. The voltage increased and dropped as each bubble was formed and then rel eased,
and the number of bubblesin aperiod of time were counted.
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Figure 5.3 Gas concentrations calculated from the mass spectrometer data.

The bubble release frequency is plotted againgt anode current dengty in Figure 5.4. The
current density was varied by changing the cdl current with the same sized anode. Therefore
with gas production proportiona © current, a linear bubble release reationship is expected,
and seen, with alinear coefficient of 0.9826. At the normal cell current of 75A (anode current
densty 1.107 A/cm?2) the bubble release frequency was approximately 0.9Hz, many times
more frequert than the gas analysis, as the mass spectrometer sampled every 355 seconds
(0.0283Hz). Even a the lowest current dendty used the bubble release was till an order of
magnitude faster than the gas sampling. Therefore the variation in point to point gas
concentration was shown not to be a result of the sampling technique, and must be considered
the red variation for the cell.
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Figure 5.4 Anode gas bubble release frequency.

5.3.  Current Efficiency Determination.

As described in chapter 2, the current efficiency was now caculated using the oxygen baance
method. A critical part of the method is the measurement of the argon flowrate into the cell.
This was done by measuring the output voltage signa from the flow controller, and converting
this to a flowrate with a cdibration factor. This gave a flowrate with a standard deviation of
0.017 I/min, and this point to point variation resulted in a noisy current efficiency vstime plot.
As this varigion was a result of the data acquisition method, the variation was reduced by
taking amoving average of 10 measurements, gpproximately equd to the gas resdencetimein
the cdl, which reduced the standard deviation to 0.004 I/m. Also if there was any
instantaneous change in the flow of argon into the cel, it would not be expected to be
observed immediately in the gas flowrate out from the cell because the cell acted as a buffer to
ghort term variations in the flow. The flowmeter had a stated variability of = 0.02 I/min, which
is dightly larger than the actud measured value of + 0.017 I/min. However, when caculating
the theoreticd variability in the overdl current efficiency measurement the consarvative flow

variation figure was used.
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5. Current Efficiency Determination Algorithm

The flowrate of argon into the cell was combined with the argon concentration in the product
gas to determine the product gas flowrate, which was converted to a molar flowrate using the
ided gas law. The molar flow of oxygen from the CO, and CO was then calculated, and
compared to the theoreticd molar oxygen determined with Faraday’'s law, giving current

efficency.

The plot of current efficiency vstime (from the gas concentrations seen in Figure 5.3) is shown
in Figure 5.5. The current efficiency increased for a few minutes until it reached a gable leved,
and is then shown as dectrolysis proceeded until anode effect occurred after 46 minutes, when

it dropped away quickly.

There are two main features of the current efficiency vstime plot. The first characteristic of
the datain Figure 5.5 istha generdly thereisvery little variaion in current efficiency with time.
To obtain a sngle vaue for the current efficiency for the experiment, an average was taken.
To ensure that the initid increase in current efficiency did not influence the average vadue and
comparisons could be made between different experiments, the firg 10 minutes of each
experiment were not included in the average. The current efficiency shown in Figure 5.5, after
the 10 minute starting period, had an average vaue of 81.5%.
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Figure5.5 Current efficiency calculated by the oxygen balance method.
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The accuracy of the current efficiency vaues was determined by caculating the current
efficiency usng the limits of accuracy of the contributing datas  The cdlibration gas
concentration and gas flow rate data accuracy combined to give a theoretical overal current
efficiency accuracy of £ 4%. The accuracy was <o influenced by the digitd power supply
programming accuracy, dthough this variaion was very smal and only caused a = 0.05%
difference to current efficiency. The detailed calculation of current efficiency accuracy is given
in Appendix 1. While the theoretical accuracy appears to be wide, the absolute values of
current efficiency are second in importance to the trends that are shown in detail in chapter 6.

To confirm the vaidity of the values caculated, a comparison was made between the current
efficiency and the depletion of dumina in the dectrolyte.  Electrolyte samples were taken
before dectrolyss was sarted and after anode effect occurred, and the alumina concentrations
were determined by Leco analyss (performed by Comalco Research Services, Mebourne,
Audrdia, usng a Leco RO-416DR oxygen ingrument with the standard nicke/tin flux method
and blank correction). For this experiment the starting aumina concentration was 6.0 = 0.09
wt% which had reduced to 2.8 £ 0.09 wt% at anode effect. The current efficiency was
integrated with time, and this was used to caculae the faradaic consumption of dumina during
electrolyss. Usng the known gtarting dumina concentration, the effective dectrolyte volume
gave the darting dumina weight. Subtracting the dectrolytic consumption gave the find
adumina weght, which with the find dectrolyte weight gave the find dumina concentration. In
this case the dumina concentration back-caculated from the current efficiency was 2.97 £
0.25 wt%, which compares very closgy with the andyss of 2.8 wt%, verifying the current
efficency cdculaion method and that the values measured are reasonably accurate.

The second characteridtic is the scatter inthe data. The variability in the current efficiency due
to the argon flowrate signal measurement has aready been taken account of, as discussed
ealier inthis section. To determine if the scatter observed is an experimentd artefact, andyss
was made of how the variagbility of the data impacted on the current efficiency variability.

When the variations in gas flowrate (from the flow controller) and partid pressure (from the
mass spectrometer) were conddered, the corresponding current efficiency variability would be
+ 1.00% (detalled caculations are given in Appendix 1). Thisisaconservatively high estimate
of the variability, as the actud flow rate variation was less than that used in the caculations.
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5. Current Efficiency Determination Algorithm

However this is dill ggnificantly lower than the standard deviation of current efficiency
obsarved in any of the experiments peformed. The standard deviation of the current
effidency in Figure 5.5 is 2.64% around the average of 81.5%.

Therefore the scatter demonstrated in the current efficiency plot (Figure 5.5) is red, and may
be caused by gas waves or gas induced dectrolyte mixing. While the exact reason is not
clear, this type of variaion has been seen in other current efficiency studies using the oxygen
balance method. Figure 5.6 shows the current efficiency from an Aluminium Pechiney study
by Leroy and Pelekis [25], where there was also variation around a steady state vaue.
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Figure5.6 Current efficiency variability [22] .

While the dectrolytic reduction of aumina is a chemica reaction, here are continuoudy
changing physical conditions such as the surface of the anode, the sze and shape of gas
bubbles under the anode, the eectrolyte chemidtry asit circulates in the cdll, the current dendty
varying as each gas bubble is formed and then released, and the anode-cathode distance
increasing as the anode is consumed on amicro scae. Because of this dynamic Stuation, it is

not surprising to see such variability in the current efficiency.

The current efficiency determination agorithm provides an accurate method for measuring
current efficiency with a fast reponse time.  The accuracy of the measurement is given, and
the values are verified by crosschecking with the dumina concentration. The theoreticd
vaiability is given, and the variation in the current efficiency response is shown to beredl.
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6. Cell Performance and the Effect of Key

Variables.

This section covers the general performance of the cell, discussng the compostion of the
product gas and the level of current efficiency attained in the cell. Results are presented
demondrating the effect of cel parameters on current efficiency, covering anode-cathode
distance, current density and electrolyte chemigtry. The find results presented are the influence
of dumina concentration on current efficiency.

6.1. General Performance of the Cell.

The product gas concentrations of CO and CO, for an experiment are shown in Fgure 6.1.
This demongrates the common finding of the CO concentration being higher than (or in some
cases about equa to) the CO, concentration. This is different to the norma gas
concentrations from an industrid cell during eectrolyss, where the CO, concentration has
been measured at 5-7 times larger than CO [64].
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Figure 6.1 Product gas concentration during electrolysis.
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Also of note is the large initid difference in the gas concentrations.  This may be due to the
initid condition of the anode. The anodes were machined from a spent anode butt (New
Zedand Aluminium Smdter Limited, Tiwa Point, NZ), and a new anode was used for each
experiment. Because CO formation is favoured on the less ordered carbon in the anode
dructure [9], there may have been preferential consumption of the binder pitch in the initid
new anode surface until an equilibrium State was reached. The Boudouard reaction aso
occurs preferentidly with the binder carbon, so may be more prevaent at the beginning of
eectrolyss.

Another explanation is thet a the beginning of the experiment there is no dissolved CO; in the
electrolyte, and during the initial stages of each experiment the dissolved CO, may build up to
the equilibrium levd. Assuming 100% current efficiency and CO, being the only product gas,
less than one minute of eectrolysis would be needed to produce enough CO, to achieve the
equilibrium level. However, most of the gasis released as bubbles, CO is adso formed and the
current efficiency is ggnificantly lower than 100% during the starting period. Therefore the
build-up of dissolved CO; in the eectrolyte is likely to take severd minutes longer. Also the
dissolved CO, will be consumed by back reaction, further lengthening the build-up period.
There is dso no oxygen present in the system, which would otherwise increase the CO,/CO

ratio.

The find factor influencing the build-up of the product gas concentrations once dectrolysisis
dated is the mixing in the cdl of the product gases with the much larger purging gas flow.
This causes a smdl time lag from dectrolyss sarting until the product gas composgtion has
built up to the true levd.

The product gas composition was then used to determine the current efficiency via the oxygen
balance, as outlined in chapter 5. A typicd current efficiency vstimetraceisshownin Figure
6.2.
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Figure 6.2 Current efficiency vstime

The mixing of the reaction product gases with the purgng gaes during the initid sages of
eectrolyss, showing an gpparent build up in efficiency, is highlighted. During this period the
metal dissolution and reoxidation will be moving to its steady Sate value. There is aso some
resdive heating of the dectrolyte during this period, which may contribute to the starting
effect. While this means that for an initid period the current efficiency is not sable, this
behaviour has been reported for other laboratory cedls [21] and is unavoidable with the
experimenta set-up used.

The resdive hegting of the dectrolyte during the early stages of dectrolyss is illugtrated in
Figure 6.3. The dectrolyte and anode temperatures were stable before eectrolyss was
started at O minutes. At this point the temperatures rose as both the anode and electrolyte
underwent resistive heeting. The eectrolyte temperature increased by 810 °C in about 15
minutes, with the largest increase in the fird few minutes. The temperatures were then quite
dable, athough the dectrolyte temperature rose dightly in the last few minutes before anode
effect. This smal rise agreed with the cdl voltage, which increased as anode effect was
approached and the cdll resstance increased. During anode effect the very high voltage
across the cdll caused an interference with the thermocouple signas, so the temperatures could
not be measured. However, as soon as anode effect was terminated by switching the current
off, measurements indicated the temperatures had increased. Castellano et al. [21] showed a
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smilar anode temperature increase of 10-15°C during anode effect for a 5A laboratory cell.
The anode effect was terminated by switching the power supply off, and with the no current
flowing the temperatures quickly returned to the pre-dectrolyss levels.
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Figure 6.3 Electrolyte and anode temperatures during electrolysis.

The measured eectrolyte temperature is much higher than the anode temperature because of
the positions of the thermocouples. The eectrolyte thermocouple is placed directly into the
electrolyte, whereas the anode thermocouple is positioned in the connecting shaft, at the top of
the anode.

At the dat of dectrolyss the cdculated dectrolyte liquidus temperature (based on
composition) was 959°C [93], giving a superheat of 14°C. By the onset of anode effect the
liquidus temperature had increased to 973°C, and the increased eectrolyte temperature meant
the superheat was maintained a 13°C. Therefore while the eectrolyte temperature increased
during the experiment, the superheat remained relaively congtant. The disadvantage of the
high currents used and the resultant resistive heeting, was that the dectrolyte temperature could
not be accurately controlled during dectrolyss. This meant that the effect of temperature on
current efficiency could not be determined with the present arrangement. However, as shown
by the studies reviewed in section 25.1, there is universd agreement tha increasng
temperature has a negative effect on current efficiency.
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The overdl average current efficiencies achieved in the cedll of between 70 and 90% (the
average seen in Fgure 6.2 is 85.4%) appear low compared to indudtrid cells where the
current efficiency is usualy above 90%. This indicates that the current efficiency achieved in
the laboratory cdl is sgnificantly lower than in industrid cdlls, the main reason being the design
of the cdl. When the dectrolyte was mixed from the individuad components before the cell

was heated, no duminium meta was added. The lack of a metal pad at the Sart of each

experiment meant that as aluminium was produced it would have formed small droplets on the
non-wetting cathode surface. Thiswould give rise to an increased mass transfer area between
auminium and eectrolyte, alowing a greater opportunity for back reaction and loss of current
efficiency. Thisisdsoindicated by the high ratio of CO to CO, in the product gas.

There is dso some loss of current efficiency due to the formation of aduminium carbide and
from sodium reduction. However these losses are small, and would be expected to be much

lower than the accuracy of the measured current efficiency.

Ancther factor which could influence the measured current efficiency is the involvement of the
boron nitride pieces used in the cell. Fellner et al. [19] proposed that BN reacts with CO,
when immersed in eectrolyte according to reaction 6.1:

2BN + 3C02 = BzOg + 3CO + N2 (61)

In further work Grjotheim et d. [35] confirmed the presence of nitrogen in the product gas
when helium was used as the carrier gas. Because of the presence of nitrogen, which was
assumed to be from reaction 6.1, a correction was made when using the Pearson-Waddington
equation. The authors dso found a carbon deficit , which could have been caused by further
reaction with boron nitride:

2BN + 3CO=B;03+3C+ N, (6.2)

Both reactions 6.1 and 6.2 constitute aloss of oxygen if B,Os is not included in the oxygen
balance. If they occur to a dgnificant extent then some adjustment must be made to account

for them, or there will be a sysematic error in the measured current efficiency. However the
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shape of the current efficiency curves would not be atered, so trends highlighted would still be

correct.

Siny and Utigard [91] dso investigated the reduction of CO, to CO by boron nitride
according to reaction 6.1. CO, flowing over BN without eectrolyte present did not react,
whereas when eectrolyte was present CO, reacted noticeably, with 17% CO in the product
gas. To check if the reaction was caused by the BN or the dectrolyte, CO, was passed
through dectrolyte without any BN, and CO was 4ill seen in the product gas. The authors
clamed that in spite of this, reaction 6.1 overrides dl other processesin the system.

Cagtdlano et al. [21] looked further into the behaviour of BN, and the different types of grade
“A” BN (containing 58 wt% B,03) and pyrolitic BN (free of B,O3). When either type was
used, asmal amount of nitrogen was found in the product gas. This was only observed during
eectrolyss, gas samples taken before or after eectrolyss did not contain any nitrogen. When
grade “A” BN was used, the current efficiency was higher than inits absence. The difference
in the measured current efficiency was approximately proportional to the exposed BN ares,
and decreased when the BN was used repestedly. The reaction of the boric oxide with
duminium by reection 6.3 was shown to be the likely cause for this, because this reaction
consumed some of the dissolved metd in the eectrolyte. This meant that the back reaction

was dowed down, and the gpparent current efficiency caculated by gas analys's increased.

8203 +2Al=2B + A|203 (63)

The decrease in current efficiency with successive use of the same piece of BN was attributed

to adiminishing supply of B,Os, asit isreadily soluble in cryalite.

The use of boron nitride pieces was very important in the design of the cell, to define the
anode and cathode areas and shield some of the exposed carbon. Pyrolitic BN was used, so
the occurrence of reaction 6.3 can be discounted. However it is possible that reactions 6.1
and 6.2 occurred during eectrolyss, which would influence the current efficiency
measurement. To check if this was the case, the gas andlys's was used to determine if nitrogen
was present in the product gas. Table 3.2 shows the fragment ion patterns for the various
gases of interest in this sudy. Both N, and CO have their main peak at m/e = 28, and both
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have an ion and/or fragment a m/e = 14. However the ion (N,**) and fragment (N*) at m/e =
14 have an intengity of 5-14% of the main peak for N,, wheress the relative intengity for CO
(CO*) is only around 1%. When experiments were performed, calibration of the mass
Spectrometer was made both before and after dectrolyss. If reactions 6.1 and/or 6.2 do
occur, then it will only be during eectrolyss [21]. Therefore during cdibration, when no
nitrogen was present, the ratio of m/e 14 to 28 will be only due to CO. If any nitrogen is

present during eectrolyss, this ratio will increase.

Figure 6.4 shows the partia pressure of the peaks at m/e = 14 and 28. For clarity, only the
data from during the CO cdlibrations and eectrolysis is shown. Electrolysis was sarted at
scan 140, and anode effect was reached at scan 230. The corresponding 14/28 ratio is
shownin Figure 6.5. Theratio isonly shown during cdibration and dectrolyss as there were
other gases present at anode effect that made the ratio invaid.
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Figure 6.4 Partial pressure at m'e = 14 and 28 due to carbon monoxide.

Thereis some variion in the ratio during eectrolyss, but the overdl vaueis very cose to that
during cdlibration. Because the rétio is smdl, asmadl variation in the m/e = 28 partiad pressure
resultsin alarge variation in the ratio. The ratio during eectrolyssis not exactly the same as
the cdibrations, 0 the posshility of reactions involving boron nitride cannot be completely
excluded. However the fact that the ratio is o close, combined with the very good agreement
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between aumina concentrations calculated earlier, suggests that if there is any reaction with
BN it isvery minimd.
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Figure 6.5 Ratio of m/e 14/28 during carbon monoxide calibration and electrolysis.

A comparison was made with the ratio of m/e 14/28 for gas with nitrogen present. When air
was sampled, and other gas mixtures containing nitrogen as well as argon, oxygen and carbon
dioxide, the ratio was between 0.0077 and 0.0083, considerably higher than the 0.0062 seen
in Fgure 6.5. The presence of nitrogen in the gas has an obvious effect on the ratio, further
suggedting that the reaction of BN to form nitrogen as a byproduct can be discounted.
Therefore if there is an influence on the derived current efficiency it will be very small, certainly
no where near as high as the 12% reported by Castellano et al. [21]. One possible
explanation for this disagreement is differences in the experimentd set-up. In this sudy a cdll
current of 75 amps was used, whereas Cagtellano used only 4.5 amps. Although a smaller
anode was used, their current dengty was also lower. Therefore the rate of primary reaction
in this study was much larger, and if the BN was involved, the relative rate of reaction would
be much less.

There was some other involvement of boron nitride, however this had no influence on the
performance of the cell or the current efficiency measurement method as it was only at anode
efect. Thisisdiscussed in section 8.2.4.
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Water had to be consdered dso when determining the vdidity of the lower than normd
current efficiency in the laboratory cell. If water was present in the product gas, this could be
a source of oxygen not accounted for in the oxygen baance, resulting in an erroneoudy low
current efficiency. However when the mass spectrometric data was examined, the partia

pressure level a m/e = 18 (water) was found to be constant throughout the entire duration of
the experiment. There was no increase during electrolyss, therefore no oxygen liberated from
aumina escaped andlysis by being bound as water, and the caculated current efficiency was
not affected by water in the product gas. There adso could not have been any extra water
vapour released during the experiment that was initidly absorbed on the duming, asthiswould
have been driven off during heeting of the cell and iminated before gas analysis began.

6.2. The Influence of Cell Variables on Current Efficiency.

To further establish the performance characterigtics of the cell, its behaviour with respect to
cdl variables was investigated, providing results in the form of corrdations. Aswel as being
results of the study, this also dlowed comparison with previous findings to further confirm the
validity of the current efficiency measurement method used.

6.2.1. The Influence of Anode-Cathode Distance on Current Efficiency.

The influence of anode-cathode distance on current efficiency was studied in a series d
experiments where the anode current dengity was 1.107 A/en? (75 amps) and the cryolite
ratio was ether 2.39 or 2.33 (excess AlF3; 8.19 or 9.0 wt%). The current efficiency and
standard deviation are shown with ACD in Table 6.1.

Table 6.1 Influence of anode-cathode distance on current efficiency.

Anode-Cathode Current Efficiency Standard Deviation
Distance (%) (%)
(mm)
30 85.1 3.05
30 84.3 184
30 84.3 1.58
35 8r.1 195
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35 83.2 247
40 85.4 182
45 84.8 1.78

These results are presented graphically in Figure 6.6.
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Figure 6.6 Influence of anode-cathode distance on current efficiency.

There is dearly no discernible effect of inter-eectrode distance on the current efficiency, which
was to be expected because of the design of the cell. With no metal pad in place a the start
of each experiment, growing to a very smdl metd layer after dectrolyss, there was no metd
pad wave and mass transfer was gas-driven. Therefore the mass transfer conditions were the

same a dl the anode-cathode spacings used, and the current efficiency was not affected.

Previous studies of the influence of anode-cathode distance on current efficiency, reviewed in
section 2.5.5, indicate no variation of current efficiency above a criticd ACD. Beow the
critical ACD the current efficiency decreases rapidly. As seen in Figure 6.6, no attempt was
made to determine if there was a limiting or critical dectrode spacing, as this would have
required much smaller eectrolyte volumes resulting in shorter dectrolysis times. One of the
grong points of the method used is the ability to measure current efficiency over long
eectrolysistimes, so a brief dectrolyss period with asmal ACD would result in aless precise

current efficiency measurement.
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6.2.2. The Influence of Current Density on Current Efficiency.

The influence of current dendity on current efficiency was studied in a series of experiments
where the cryolite ratio was either 2.39 or 2.33 (excess AlF3 8.19 or 9.0 wt%). The current
efficiency and sandard deviation are shown with current dengity in Table 6.2.

Table 6.2 Influence of anode current dengity on current efficiency.

Anode Current Current Current Efficiency | Standard Deviation

Density

(Alent) (A) (%) (%)
0.295 20 71.3 2.55
0.295 20 69.2 2.75
0.5%4 375 77.0 211
0.554 375 76.1 1.96
0.856 58 80.9 2.82
1.107 75 87.1 195
1.107 75 85.4 1.82
1107 75 84.8 1.78
1.107 75 83.2 247
1.107 75 84.4 1.84
1107 75 84.3 158
1.107 75 85.1 3.05

The results are presented graphically in Figure 6.7. The trend of increasing current efficiency
with increasing current dengty agrees with the findings of other studies, as reviewed in section
25.4. Theincrease in current efficiency is predominantly due to the larger ratio of forward to
back reactions a the higher cel currents, however there is dso more CO formed
eectrolytically a the anode at low current dendties and the CO,/CO ratio increases with
increasing current density. However the trend in Figure 6.7, with asope of 17.25 (lineer fit R
= 0.9617) is a the higher end of range of laboratory studies shown by Grjotheim [33]. The
large effect of current dengty on current efficiency may be accentuated by the mass transfer
conditions present in the cell. At the lower current dengties the dluminium produced will form
into droplets more dowly, and there will be a greater ratio of surface area to volume,

effectively providing alarger mass transfer area for the metd to dissolve.
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Figure 6.7 Influence of anode current density on current efficiency.

While a linear rdaionship is indicated in Figure 6.7, this is only within the bounds of the
current density investigated and does not suggest a trend a ether higher or lower current
dengties. In some of the previous studies reviewed in section 2.5.4, the current efficiency was
found to drop off consderably at very low current dengties. These very low current dendties
were not investigated in this study as at low cell currents the product gas concentration in the
cdl exit gas would be low, and the accuracy of the gas analysis reduced.

6.2.3. The Influence of Electrolyte Chemistry on Current Efficiency.

The cryolite molar ratio was varied a a constant current density of 1.107 A/en¥ (75A) by
changing the excess duminium fluoride in the dectrolyte. The extremes of dectrolyte
chemidry investigated were 0 and 15 wt% excess AlF; (cryolite ratio = 3, 1.98), with the
majority of experiments at 8.19 and 9.0 wt% excess AlF; (cryolite ratio = 2.35). Because of
the strong influence of excess AlF; in lowering the liquidus temperature, the experiments were
caried out at different sarting temperatures ranging from 936-980°C so the superheat was
constant during the eectrolyss period of each experiment at 15°C. With the resistive hegting
encountered, it was consdered more important to maintain constant superhest than overal cdl
temperature.

103



6. Cell Performance and the Effect of Key Variables

Table 6.3 shows the current efficiency and standard deviation for the experiments with
different excess AlF; contents.  The results are presented graphicaly in Figure 6.8, clearly
showing the strong relationship between dectrolyte chemistry and current efficiency.

Table 6.3 Influence of dectrolyte chemistry on current efficiency.

Cryolite Molar Excess AlF3 Current Efficiency | Standard Deviation

Ratio (Wt%) (%) (%)

3.0 0.0 815 264
2.78 273 814 282
278 273 81.3 2.56
239 8.19 87.1 195
2.39 8.19 854 182
239 8.19 84.8 178
2.39 8.19 83.2 247
239 8.19 85.1 3.05
233 9.0 84.3 184
233 9.0 84.3 158
217 11.72 85.6 2.69
1.99 15.0 89.1 2.09
199 15.0 88.9 2.67

The linear corrdation has a dope of -7.8% current efficiency per unit cryolite molar ratio (-
15.6% current efficiency per unit weight ratio), with a it of R = 0.8093. This agrees very
well with previous studies, the dope being dmost identicd to that of three different reports
[27,44,45] reviewed in Table 24. Thetrend is well established, having being shown in many
specific laboratory studies and aso observed in smelters as aresult of operationa changes.
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Figure 6.8 Influence of electrolyte chemistry on current efficiency.

The good agreement between the findings in this study and the established current efficiency -
electrolyte chemistry, anode cathode distance and current densty trends from previous
laboratory and industrid studies further confirm the performance of the cdll, and the accuracy
of the method developed. This gives confidence in the use of the cdl and method to
investigate the relationship between aumina concentration and current efficiency.

6.3. The Influence of Alumina Concentration on Current Efficiency.

The technique, described in detall in chapter 5, involved measuring current efficiency as a
function of time as the dumina concentration was depleted from itsinitid vaue and dectrolyss
continued until an anode effect occurred. From a knowledge of the initid mass of eectrolyte
and dumina, and dso of the andysed find aumina concentration, the total number of moles of
aumina dectrochemicaly consumed could be calculated. This gave an integrated overdl
measure of current efficiency for the duration of each experiment. For the series of
experiments conducted, the integrated ingtantaneous values of current efficiency compared
well with the vaues determined by the dumina depletion. As the current efficiencies were
shown to be congtant during each experiment, the change in dumina concentration was
cdculated as alinear depletion.
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6. Cell Performance and the Effect of Key Variables

The following three figures show current efficiency plotted againg dumina concentration for
the experiments performed. The experimenta conditions are those found in Tables 6.1-6.3.
The differing conditions are irrdlevant as each experiment was used to determine the trend of
current efficiency with aumina concentration rether than the absolute vaue of the current
efficiency. For each curve, eectrolyss sarted a the high dumina concentration, the current
effidency increased to a steady value, and proceeded to anode effect at the low aumina

concentration.
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Figure 6.9 Current Efficiency vs Al,O; Concentration (runs a-f).
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Figure6.10 Current Efficiency vs Al,O; Concentration (runs g-1).
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Figure6.11 Current Efficiency vs Al,O; Concentration (runs m-p).

Linear fits were made excluding the initid sart-up period. For the experiments with cell
current of 75A, the first 10 minutes were excluded. For 58A, 20 minutes were excluded, 30
minutes for 37.5A and 40 minutes for 20A current. In this way the start-up period was kept
congstent with the integra current passing through the cdl.
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The numericd vaues are presented in Table 6.4, giving the average current efficiency, the
gandard deviation around the average, the rate of change of current efficiency with adumina
concentration, and finaly the aumina concentration range over which each experiment was
carried out.

Table 6.4 The Influence of Alumina Concentration on Current Efficiency.

Current Efficiency Std. Dev. dCE/dCAI,O3 Al,O3 Concentration
(%) (%) (Y6/wt%) (Wt%)
80.9 2.82 +0.1789 7.1-3.2
815 2.64 +0.0181 5323
88.9 2.67 +0.4715 6.82.1
89.1 2.09 -0.5934 6.52.3
71.3 2.55 -1.0964 7.52.0
76.1 1.96 +0.4193 6.8-3.1
77.0 211 -0.8464 7.1-3.1
84.3 158 -0.4443 7.1-3.2
84.3 184 -0.7810 7.2-2.8
83.2 247 -0.3260 6.8-2.5
84.8 1.78 -0.3341 5.6-3.0
85.4 182 +0.1590 6.0-2.8
87.1 195 +0.5201 5721
81.3 2.56 +0.7045 5523
81.4 2.82 +0.0846 5.82.0
85.1 3.05 +0.9654 5317

Figure 6.12 shows the linear fits plotted on one axis, covering the range of 1.75-7 wt% Al,Os.
While some of the dopes are poditive and some negative, and there is no correlation between

the direction of the dope and the absolute current efficiency.

To make a comparison between the different experiments, the fits are plotted in Figure 6.13 to
show the change of current efficiency as the dumina concentration varies above and below a
nomina value of 4.5 wt%. Even thelargest dopes give riseto achangein current efficiency of

less than 6% over the wide aumina concentration range covered.
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Figure6.12 Current Efficiency - Al,O; Concentration Linear Fits
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Figure 6.13 Change of current efficiency with varying alumina concentration.

The overdl average vdue of the linear fits is -0.0376 %CE / wt% Al,O3, with a standard
deviation of 0.5864. Figure 6.14 shows the comparison of these results to those found in the
sudies reviewed in section 2.5.2. The average vaue is shown as the central bold line, and the
gandard deviation is shown by the dotted lines. Apart from the Sdlli et al. study [30], only
one of the previous sudies [26] falls within the range found by this sudy. The other studies
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reviewed show a much greater current efficiency dependence on dumina concentration. The
findings of this sudy agree with those of Salli et al. [30], showing that there is effectively no
influence of dumina concentration on current efficiency.
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Figure 6.14 Comparison to literature values for the alumina influence on current
efficiency.
A possible explanation for some researchers finding positive effects of dumina concentration
on current efficiency and others negative can be found when the lowest curve in Figure 6.9 is
examined. If the aurrent efficiency is only considered between 3 and 4 wt% dumina, adightly
postive influence is indicated. However, if the response between 6 and 7 wt% adumina is
examined, a dightly negative influence is seen. Thus interpreting data over a limited dumina
concentration or time basis can lead to differing dopes because of the inherent standard
deviation in the response. Previous sudies illugrating this well are those by Grjothem et al.
[35] and Lillebuen and Mélerud [37], whose results are shown in Figures 2.9 and 2.10
respectively (section 25.2). In both cases a current efficiency minimum was shown with
respect to aumina concentration, which could clearly be interpreted as a positive or negative
effect of duminaif the dumina concentration range on only one sde of the minimum was used.

Ancther explandtion for differing current efficiency - dumina concentration reaionships is the
cdl sability, especidly for studies conducted on indudtrid cells. Stability was not a factor in
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this gudy, as the cdll was stable under dl conditionstested. The studies shown in Figure 6.14
were caried out a different conditions, and as such it is possble tha there could be
interactions between different factors leading to the different trends seen. However in each of
these studies the effects of other factors were taken into account, so the trends shown are due
to dumina done. It is possble tha in dudies on indudrid cdls, a changing dumina
concentration does not directly cause a change n the current efficiency, but rather causes a
change in the leve of gability, therefore indirectly impacting on the efficiency. An exampleis
the strong negetive effect of aumina found by Leroy et al. [25], which led to cdls being
operated at low duminaleves. This gave high current efficiencies, dthough they could have
aso been due to the stable cell control, and associated low dudge formation and controlled
anode effect frequencies. Another example of this is seen when Figure 2.13 from Alcorn et

al. isexamined.
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Figure 2.13 Current efficiency of prebaked cells[26] .

In this current efficiency vs dumina concentration plot for a prebaked cel, there is a marked
short term trend of decreasing efficiency with decreasing aumina concentration, which
coincides strongly with the corresponding increasing temperature during esch feeding phase.
However, looking a the current efficiency over a wider time period shows the opposite
trends. Between 1 and 11 hours, there is a genera increase in dumina concentration and a
decrease in current efficiency. From 11 hours onwards, the trend is reversed with a decrease

in dumina concentration and an increase in current efficiency. For the dumina concentration to
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geadily increase the cdl must have operated with overfeeding, a period when dudge was
likely to have formed. Sudge formation has a negative effect on cel gability, unsettling the
metal pad and aso changing the anode effect frequency [94]. It is possible this caused, or at
least Sgnificantly contributed to the decreasing efficiency seen. The same gpplies to the period
of increesang current efficiency, when the cdl must have operated with underfeeding, ensuring
that dl the dudge was dissolved and the cdll stability improved.

It ds0 seems that the large difference in results from the different studies can be attributed to
the smilarly large difference in experimental conditions. Some studies were on laboratory
cels, others on indudtria cells of prebaked, VS and HS Soderberg design, others being
models. Severd of the studies utilised gas andysis and some form of the Pearson-Waddington
equation [26,29,35,36], the shortfals of which have dready been discussed. Therefore the
results are likely to be different because of different gas sampling and handling techniques and
differing levels of reactions affecting the CO/CO; ratio, especidly the Boudouard reaction.
Ancther ggnificant difficulty with dl of the sudies on indudtrid cdlsis the ability to isolate the
effects of different variables, which is added to by the often long time between measurement
points. For example in the study by Paulsen et al. [29], measurements were made every 5
minutes in some cases, but generdly every 10 minutes. Any current efficiency variation
between the sampling times was not accounted for, which as shown by this study could be
ggnificant. The method used dso draws question on the results, as in one series of
measurements the cdl temperature was dlowed to vary, while in another series the anode-
cathode distance was varied in an attempt to keep the temperature constant. Obvioudy these
variations impact sgnificantly on the cdl performance, making it difficult to determine which of
the variadbles, or in wha combination, actualy caused the changing current efficiency. The
dynamics of an indudrid cdl mean that when current efficiency was being measured it is
unlikely thet there was no influence on it other than by aumina concentration.

The mogt ggnificant finding of this study, of no influence of aumina concentration on current

efficiency, implies that the dumina concentration is not the prime consideration when operating

the cdl. This agrees with the findings of Salli et al. [30], who attributed the lack of current

efidency dependence to the only very dight dependence of dissolved metd activity on dumina

concentration.  This means a changing aumina concentration does not sgnificantly dter the
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amount of dissolved duminium, therefore the rate of back reaction and lesulting loss of

efficiency is aso unchanged.

While the results show that alumina concentration does not have a direct influence over current
efficiency, the gopropriate dumina levels mug gill be maintained to avoid ether dudge build-
up or unnecessarily high anode effect frequencies. Where importance should be placed is on
minimising the disruption to the cell through the dumina feeding process and maintaining sable
conditions. The most likdy disturbance from feeding is to the eectrolyte temperature, which
as shown in section 2.5.1 has a strong effect on current efficiency.

6.4. Summary.

The performance of the cdl, determined with the oxygen baance method, was shown to be
generdly dightly lower than of indudtria cdlls, because of the cdll design. Parameter studies of
the main cdll variables were performed. No influence of anode-cathode distance was found,
which was expected because of the lack of ameta pad in the cell. Current density was found
to have a strong influence on current eficiency, a arate of 17.25 %CE per Alcn, between
0.3 and 1.1 Alen?. The effect of current dengity below 0.3 A/cnf was not investigated,
dthough a sharp decrease in efficiency would be expected. The influence of dectrolyte
chemigry on current efficiency was investigated by varying the excess duminium fluoride
content of the dectrolyte. The effect found was -7.8 %CE per unit cryolite molar ratio,
between cryolite ratio 1.99 and 3. The most important of the results of this sudy are those
relating current efficiency to dumina concentration, because there is fill debate as to the extent
of this relaionship. The current efficiency was measured between 1.75 and 7 wt% aumina,
and the reationship found was -0.0376 %CE / wt%. This shows that effectively thereis no
influence of dumina concentration on current efficiency over the norma dumina concentration

range found in indudtrid cells.

113



7. Components of Cell Voltage.

While there is condgderable literature focusing on the voltage drop across duminium cdls,
especialy the decreasing energy requirements with improving technology, there is somewhat
less information on the individual components making up the total cdll voltage.

In this study two different techniques were used to investigate the components of cell voltage,
and in particular to determine the anode polarisation and aumina activity contributions to the
oveadl cdl voltage The fird technique utilised fagt switching of the cdl current and high
frequency voltage measurement to separate the voltage components. The second technique
involved measuring cell voltage during cdl dectrolyss, and cdculdaing certain voltage

components from correlations to leave the polarisation components remaining.

7.1. The Current Interruption Method.

The cdl polarisation was determined using a method very similar to that outlined in detail by
Hyde and Wedch [10]. Brigfly, the cel is operated under normd eectrolyss, with high
frequency measurement of the cdl voltage. The cdl current is interrupted, and the resulting
voltage decay is recorded. When the current is switched off, the ohmic component of the
voltage disgppears immediately, while the polarisation dies avay because the energy of
polarisation is released more dowly.

The current interruption method was performed over arange of anode-cathode spacings, and
with different current densties, for an experimenta setup where the dumina concentration
gradudly reduced from 6.5 wt% to 3 wt%. The current interruption was repesated severd
times a each anode- cathode spacing and current dendity to provide verification of the results.

An example of the voltage measurement for a Single current interruption run is given in Fgure

7.1. Between 0 and 20 seconds the current was a 75 amps, giving a current dengity of 1.107
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Alc?. The saw-tooth type of voltage response corresponds to the formation and release of
gas bubbles under the anode. This voltage response was highlighted because of the high
voltage measurement frequency of 100Hz, detecting the sharp drop in voltage as each bubble
was released.  These voltage characteristics were not seen in the work described in earlier
chapters because the frequency of measurement was lower, and aso the measurements were

averaged over 35 second periods.

Shortly before the current was switched off a 20 seconds, the frequency of voltage
measurement was increased to 1000Hz. This captured the voltage immediately after the
ohmic component was removed, which then decayed until a stable nernst value was reached.
The difference between the firgt voltage reading after current termination and the Nernst
voltage current gave the vadue of polarisation.

4+t Ohmic voltage drop

Voltage (V)
w

Polarisation
1 -+
Nernst
0 T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Time (seconds)
Figure7.1 Current interruption to determine componentsof cell voltage.

To determine the ohmic resistance, the tota voltage before current interruption was cal culated
by averaging the readings over the 20 seconds of measurement where the bubble formation

and rdlease was evident. The cdll resistance was then cdculated from the totd cdll current.

The results of the measurements are summarised in Table 7.1, giving the totd voltage, ohmic
voltage and resstance, the nernst potentia and the polarisation.
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Table 7.1 Polarisation measurements from current interruption.

Al,O3 ACD I Total Ohmic R Nernst Pol
(Wt%) | (mm) | (Alenr) | (V) V) (W) V) V)

6.5 30 0.295 2.732 1111 0.056 1.252 0.369
0.554 3.621 1.976 0.053 1.250 0.395

0.856 4.686 3.045 0.053 1.239 0.402

1.107 5.486 3.860 0.051 1.241 0.385

6 15 0.295 2611 0.946 0.047 1.246 0.419
0.5+4 3.265 1.605 0.043 1244 0.416

0.856 4.016 2.332 0.040 1.249 0.436

1.107 4.650 2.956 0.039 1.244 0.450

6 20 0.295 2.672 1.007 0.050 1.241 0.424
0.554 3.362 1.687 0.045 1.246 0.428

0.856 4.186 2.487 0.043 1.249 0.450

1.107 4.869 3.155 0.042 1.251 0.463

6 25 0.295 2.768 1.084 0.054 1.244 0441
0.554 3534 1.820 0.049 1.251 0.463

0.856 4.478 2.754 0.047 1.246 0477

1.107 5.247 3.523 0.047 1.244 0.480

55 35 0.295 3.158 1.440 0.072 1.248 0471
0.554 4.385 2.647 0.071 1.249 0.490

0.856 5.883 4.159 0.072 1.233 0.491

1.107 7.049 5.336 0.071 1.230 0.483

35 30 0.295 3.073 1.262 0.063 1.244 0.568
0.5+4 3.957 2.146 0.057 1244 0.568

0.856 4.982 3.180 0.055 1234 0.568

1.107 5.830 4.048 0.04 1.229 0.553

3 35 0.295 3.520 1.592 0.080 1.230 0.698
0.554 4.651 2.733 0.073 1.226 0.693

0.856 5.895 3.995 0.069 1.230 0.669

1.107 7.310 5.449 0.073 1.220 0.641

Theoreticdly, the Nerngt voltage should be given by the equation:
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assuming the anode gas is congtant (CO,) and at a constant pressure (p = 1 bar). Since the
sauration solubility of duminais in the range 7 - 10 wt% for the eectrolytes used, and the
activity of dumina is expected to be approximately proportiona to concentration in the range
below 7%, the shift in Nernst potentia is expected to be small. A decrease isto be expected,
but only of the order of (RT/6F)In(6.5/3) for the range of this sudy i.e. 15mV. The data of
Table 7.1 is conagtent with this, adding weight to the accuracy of the measurements.

On examindion there is no dgnificant effect of ether current dendty or anode-cathode
distance on the polarisation. The averages at 15, 20 and 25mm ACD suggest a very small
increase in polarisation, however these measurements were made sequentialy and as such
there is a corresponding smdl change in dumina concentration.  The change in polarisation is
gamal, and it is not possible to differentiate between the influences of dumina concentration and
ACD. The obsarved effect of current dendty is incondgtent, as a some adumina
concentrations there is an gpparent increase in polarisation with current dengity, whereas a
others there is a decrease or no change. Therefore no concluson can be drawn on the
influence of current dendty. Contraging, however, the cdl varigble exhibiting a sgnificant
influence over polarisation is aumina concentration, with a clear increase in polarisation as the
aumina concentration decreases. To demondrate this the alumina concentrations & each
polarisation reading were calculated from a known sarting aumina concertration. The
polarisation is plotted against dumina concentration in Fgure 7.2. The curve drawn through
the data not of any particular function, and is indicative of the generd increasing polarisation

trend as the alumina concentration decreases.

This demongrates the magnitude of the change in polarisation across the range of dumina
concentrations that could be expected in an operating cell. If the curve is extrapolated to
2wt% aumina, atypica anode effect vaue, it can be seen that the tota increase in polarisation
from 7wt% would be between 0.5 and 0.7V. Given the accuracy of aumina anayss in
commercid cdls, thisis consstent with the observations.
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Figure 7.2 Change in polarisation with alumina concentration.

7.2. Continuous Cell Voltage Measurement.

The cdl voltage was continuoudy measured during dl experimentd runs for the current
efficiency trids. For these runs the dumina concentration was determined before dectrolyss
began and after anode effect occurred by way of sampling the eectrolyte. This dlowed the
voltage to be matched againg the aumina concentration for the duraion of eectrolyss.
Changes in dumina concentrations between these two limits could be cdculated from current
efficiency measurements. A typica cdl voltage curveisgivenin Figure 7.3.

The overdl vdue of cdl voltage is very high, due to the voltage drop through the externd
circuit and the various connections to both anode and cathode. However the changes are only
due to changes at the dectrode interfaces and within the eectrolyte. The generd shape of the
cdl voltage curve was very repegtable over dl of the experiments performed. For dl
electrolyss, the voltage initially increased rgpidly by about 0.3 to 0.6V, due to cdl resstance
and polarisation, before plateauing. This is common and attributed to the formation of NaC,
and/or Al,C; layers on the dectrode. These processes influence the curve for the firgt 30

minutes typicaly, but thereafter the changes are as expected from various resstance control
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curves. Thus the changes in that part of the curve can be atributed to changes in parameters
that influence the anode/electrolyte potential (or eectrode polarisation).
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Figure 7.3 Cell voltage during electrolysis up to anode effect onset.

The cdl voltage can be broken down into the various comporents, for more detailed

investigation, by using the cell voltage equation:
v =E®+h_+h_+h__+ IRawroye + IR + IReat + IRan + IR e (2.3)

To determine the anode reaction polarisation, three main voltage components were cal cul ated.

The standard eectrode potential (E°) was calculated from the Gibbs free energy of formation
of both CO, and Al,O3 usng equetion 2.5, taking a saturated solution for the standard State.
The Gibbs free energies could then be interpolated to the cdl temperature, which was
measured smultaneoudy with the voltage.

The cathode polarisation (he) is known to be both smal and dependent on the meta-
eectrolyte interfacid turbulence. In this case it was cdculated with the Alcoa equation 2.8.
The cryalite ratio of the eectrolyte was caculated using equation 2.2, which took into account
the changing alumina concentration during eectrolyss.
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The remaining contributions are dominated by the various ohmic vaues. The combined
electrolyte and bubble voltage drops (Ruecroyie) Were caculated using equation 2.12 from
Hyde and Welch [10]. The dectricad conductivity term was determined with the correation
given by Wang et al. [12], while the eectrode area was determined by consdering the
physica geometry of the cdll.

When these three terms were calculated and subtracted, the remaining voltage conssted of the
external ohmic voltage drop (Reena) plUS the anode polarisation and activity contributions
(Panoce), Values that could not be caculated directly. The |Reema term is comprised of the
voltage drops across the external circuit, across the connections to anode and cathode as well
as across the anode and cathode themselves.  The haose term includes al terms thet affect the
anodic potentid. It includes the anode reaction polarisation, concentration polarisation and
aumina activity contributions to the overdl cdl voltage. The largest of these three terms is
generdly considered to be the anode reaction polarisation at norma aumina concentrations.
However the concentration polarisation is included as it is smdl and difficult to caculate, and
the dumina activity term is included because it is dso amndl and there is uncertainty about its
exact value (see section 2.2).

The cdl voltage curve in Figure 7.3 is broken down into components and plotted in Figure
7.4. This highlights the anode reaction polarisation and externd voltage terms, and shows the
shape of the curve with increasing polarisation as anode effect was gpproached. During the
last 12 minutes before anode effect began the voltage increase was typicadly 0.3V. The
assumption behind this is that the externd voltage did not change dgnificantly during the
electrolysis period, so the variation observed isdl due to polarisation. The externd voltage is
not expected to vary, as the change in conditions such as eectrode resistance is inggnificant

during dectrolyss.

This method of bresking the cell voltage down into the individua components was applied to a
series of voltage curves from experiments with different conditions. As mentioned earlier, the
aumina concentration was measured at the start and end of each experiment, dlowing the
voltage to be plotted againgt dumina concentretion rather than time, as above. This is
demondrated in the following Figures 7.5 to 7.9, each for groups of experiments with different
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conditions. The individud curves making up each plot have been shifted verticdly to account

for different externa voltages ad highlight the shape of the voltage increase rather than the
absolute values.
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Figure 7.4 Components of total cell voltage during electrolysis.
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Figure 7.5 External plus polarisation voltage (1=1.107A/cm? CR=2.33).
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Figure 7.6 External plus polarisation voltage (1=0.856A/cm? CR=2.33).
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Figure 7.7 External plus polarisation voltage (1=0.554A/cm? CR=2.33).
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Figure 7.8 External plus polarisation voltage (1=0.295A/cm? CR=2.33).
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Figure 7.9 External plus polarisation voltage (1=1.107A/cm? CR=1.99).

The curves drawn through the data sets were then al plotted together, and were individudly

shifted dong the x and y axes to account for differing externa voltage drops and different

anode effect dumina concentrations. The extrgpolation of the curves & low adumina

concentrations were aso truncated to highlight the generd trend of the data. The resulting
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Fgure 7.10 shows the amilarity in the shape of the polarisation curve, as well as the magnitude

of the polarisation change as the dumina concentration decreased.
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Figure7.10 Combined polarisation plus external voltage curves.

A dngle curve representative of dl the data, of the form y = a + bx + ¢/X, isgiven in Figure
7.11. The curve has been offset to dart at zero volts for the saturated solution, and drictly this
assumes no polarisation at the start of ectrolyss. By dso shifting the curve aong the x-axis
to end a zero wt% dumina the horizontd axis now represents the change in dumina
concentration before anode effect rather than any specific dumina concentration values.
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Figure 7.11 Polarisation plus alumina activity contribution.

The change in voltage dong the y-axis is not as large as in Figure 7.10 because of the
truncation of the curves at low aumina concentrations, o the curves ended at voltages smilar
to those measured rather than being artificidly high. The curve in Figure 7.11 clearly highlights
the tota change in voltage due to polarisation plus dumina activity, until anode effect, as being
up to 0.65V. The magnitude of the polarisation increase agrees more closdy with the plant
vaues rather than laboratory vaues found in Table 2.1 [9], likely to be because of differences
in |aboratory cdl design.

The activity contribution to the cell voltage can aso be determined using equetion 2.7 from
Rolin [6], with the index in the equation a 2.77, and dso a 1 for comparison. These
comparisons are plotted in Figure 7.12. Asuming the index to be 2.77, the activity
contribution congtitutes 0.09V of the totd cell voltage. When the index is taken as 1, the
activity contribution is correspondingly lower a 0.03V. However consdering the dumina
saturation dependant activity contribution with the index in equation 2.7 between 1 and 2.77,
the value is smdl rdative to the anode polarisation, which is aumina concentration dependant
only. More importantly, the overal shape of the polarisation curve is unchanged, showing that
the change in cel voltage due to polarisation and in smal part to the dumina activity, is
aufficient to initiate formation of fluoride species by reaction 2.39, which is discussed in detall
in chapter 8.
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Figure 7.12 Anode polarisation without the activity contribution.

An important gpplication of this method of bresking the cdl voltage down into components is
in the area of dumina feeding drategy, anode effect prediction and anode effect frequency
reduction. If the characterigtics of the increasing cell voltage are known, then the behaviour of
acell could be tracked and comparisons made between the measured and expected voltage.
Obvioudy this would require sgnificant measurement on industrid cdls, and frequent
gandardising of the actud cdl voltage measurements to dlow for interferences and variaions
from the modd. Overdl this would dlow the onset of anode effect to be anticipated,

providing further input to the control of conditions in the cell and reducing the frequency of

anode effect. The advantages of this are minimising the disturbance to the cdl, and from a
globa perspective reducing the amount of fluorocarbons released into the atmosphere. It has
even been suggested recently [95] that anode effects should be avoided dtogether through a
combination of monitoring of cdl voltage, bath superheat and dumina concentration. This is
based on the theory that the positive aspects of anode effect such as cleaning the cell of

carbon dust are far outweighed by the negative aspects such as cell overheating and excessve

energy loss.
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7. Components of Cell Voltage

7.3.  Summary.

This section has shown how two different methods were used to predict the shape of anode
reaction polarisation vs aumina concentration curves, and the magnitude of the voltage

increases.

The current interruption method alowed for direct measurement of the polarisation component
of the totd cell voltage. The change with dumina concentration was built up by repested
measurements with a changing dectrolyte. This method showed the polarisation increase to
anode effect to beintherange 0.5- 0.7V.

The continuous voltage measurement method required the cell voltage to be broken down into
the various components, which then identified the contribution from polarisation.  Voltage
curves from different experimental conditions were overlayed, and a representative curve
fitted. Again the magnitude of polarisation increase up to anode effect was shown to bein the
range of 0.5- 0.7V.

The activity contribution to the tota cell voltage as suggested by Rolin [6] was shown to be
amadl, and did not have any sgnificant effect on the shape of the voltage curve. The vaue of
the index in the activity equation was dso shown to have only aminor effect on the overdl cdl

voltage.
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8. Gas Evolution During Electrolysis and at Anode
Effect.

This chapter outlines the findings of both experiments and thermodynamic moddling of the
gases produced during norma dectrolyss and through the trangtion into anode effect.
Experimentd measurements were made with the dectrolytic cdl and gas anadyss sysem
developed, in some cases the same experiment was used for investigating both current
efficiency and the other gases formed in the cel a the same time. The thermodynamic
modelling set-up conditions are given in detall, including both fluorine and sulfurous species.
The predictions of fluorine species and experimenta findings are discussed in this chapter,

while the predictions of sulfurous species and corresponding gas analyses are covered in the

following chapter.

8.1. Thermodynamic Predictions.

Predictions were made of the equilibrium composition of the cell product gas using the CSIRO
Thermodata thermochemica modelling package. The badis of the technique was the standard
free energy minimisation gpproach, cdculating the equilibrium gas mix from a st of initid
conditions. To dlow comparison with previous studies, different oxidisng conditions were

consdered, which aso dlowed for comparison with the findings from the experimentd cdll.

The three states modelling industrid cdlls were designated “unburnt”, “partidly burnt” and
“completdy burnt” gas, covering different zones in the cel, following the terminology and
design of a previous study by Henry and Holliday [62]. The “unburnt” scenario modelled the
initid gas formation underneath the anodes, where athough CO formation by reection 2.17
occurs a a lower potentid, the higher oxidation potentiad through anode polarisation means
that CO, formed by reaction 2.1 isfavoured. The “partidly burnt” scenario modelled the gas,
after being released as bubbles from under the anode, trgpped under the solid eectrolyte
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8. Gas Evolution During Electrolysis and at Anode Effect

cud. Thisis a highly reducing zone where the gases are in contact with the solid anode
carbon, and the temperature is between 600 and 950°C. Thereis also some permeetion of air
through gaps in the crud, dlowing a smal amount of oxygen to mix with the gas. The third
scenario of “completely burnt” gas modelled the gas emerging through cracks and holes in the
crust to burn as a flame with the drafting air. This combugtion region provides a completely
oxidised atmosphere and temperatures up to 1300°C. The laboratory cell was aso mimicked,
50 the thermodynamic predictions could be matched againgt the gas anadlyss from the cell.

The initid conditions used for the thermodynamic predictions are given in the following tables
8.1 and 8.2. For normal eectrolysis a high CO, to CO ratio of 10:1 was used, based on the
typicd ratio found in indugtrid cells. For anode effect the ratio was inverted to mode the high
proportion of CO found in cell gas. The other dgnificant difference in the initid conditions to
differentiate anode effect was the incluson of CF, and GFs. These gases, in a 10:1 ratio,
were chosen as the way to introduce fluorine as they are known to be formed a anode effect
[52,64]. The thermodynamic caculations then consdered the possbility of other fluorine-
containing species. In both dectrolyss and anode effect, the anode was considered by
induding solid carbon in the initid conditions for dl scenarios. Moaisture present in the drafting
gas of indudtrid cells was dso consdered by including asmal amount of hydrogen in the initia
conditions, with water included as a possble equilibrium species. HF was not included as it
would not be detected in the laboratory set-up due to the dumina scrubbing system, and dso
because the predictions would not take into account the adsorption of HF onto alumina

Some aulfur was included to modd a high sulfur content in the anodes. One item of debate
when setting up the initid conditions was the sate and form of the sulfur. Sulfur is bonded in
some way to carbon but it is generaly congdered that it will “desulfurize’ if the anode is
heated above 1350°C. Thus at lower temperatures the bonding will stabilise the reaction

CS = XC + Sy (8.1)

making the equilibrium pressure less than one atmosphere. Practicaly this can be handled by
tregting it as pure sulfur but at a reduced thermodynamic activity by assuming alow activity

129



8. Gas Evolution During Electrolysis and at Anode Effect

co-efficient. This was done in preiminary caculaions but it was found to have only a minor

effect on the multiple equilibrium. Therefore the data presented is based on unit sulfur activity.

Table 8.1 Initid molar conditions (normd eectrolyss).

Species Laboratory Cell Industrial Cell Industrial Cell Industrial Cell
Unburnt Partialy Burnt | Completely Burnt
COqyg) 10 10 10 10
COy 1 1 1 1
Sxg) 0.1 0.1 0.1 0.1
Oz 1E-05 1 5
Hag 0.5 0.5 0.5
Cy 3 3 3 3
Siy 0.2 0.2 0.2 0.2
Table 8.2 Initid molar conditions (anode effect).
Species Laboratory Cell Industrial Cell Industrial Cell Indugtrid Cell
Unburnt Partidly Burnt | Completely Burnt
COqy) 1 1 1 1
CO 10 10 10 10
Sxg) 0.1 0.1 0.1 0.1
CFyq) 5 5 5 5
CoFg(g) 0.5 0.5 0.5 0.5
Oz 0 1E-05 1 5
Ha(g) 0.5 0.5 0.5
Cy 3 3 3
S 0.2 0.2 0.2 0.2

The equilibrium gas concentration was caculated at intervals of 25°C from 1350°C down to

room temperature, to cover the range from high temperatures where some reactions take

place down to low temperatures where gaseous emissions are rel eased into the atmosphere.

8.1.1.

Thermodynamic Predictions: Electrolysis.

The predictions of the equilibrium gas compostion during norma eectrolyss for the different

oxidation gates are shown in Figure 8.1 to Figure 8.4.
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8. Gas Evolution During Electrolysis and at Anode Effect

The compostion of the laboratory cell gas (Figure 8.1) consists of only CO and CO, as there
was no other oxygen or hydrogen in the sysem. The levels of CO, and CO are Smilar until

the equilibrium temperature drops below 700°C, when the Boudouard reaction 2.24 becomes
less favoured and the CO, does not react with the carbon to the same extent. Thisis a trend
goparent in dl of the scenarios including a anode effect, except for completely burnt gas
during eectrolysis, when reactions with oxygen are dominant.

The introduction of some hydrogen and a smal amount of oxygen causes hydrogen and water
vapour to be present in the equilibrium gas mixture for unburnt industria cell gas (Figure 8.2).
At cdl temperatures water is just favoured over hydrogen, and becomes even more favoured
when further oxygen is added to mode the partialy burnt gas (Figure 8.3). In this Stuation the
CO, becomes favoured over CO, dthough is not yet completely dominant.

The shift from partidly burnt to completely burnt gas gives a very different equilibrium gas
composition (Figure 8.4). Now CO, becomes the dominant species, there are lesser amounts
of oxygen and water vapour present, and only a very smdl amount of CO is found at the
higher temperatures.

1.0E+00
co,

CcO

1.0E-01

Mole Fraction

1.0E-02 : : : : :
500 600 700 800 900 1000 1100 1200 1300
Equilibrium Temperature (°C)

Figure 8.1 Equilibrium gas composition: laboratory cell, electrolysis.
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Figure 8.2 Equilibrium gas composition: industrial cell (unburnt), electrolysis.
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Figure 8.3 Equilibrium gas composition: industrial cell (partially burnt), electrolysis.
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Figure 8.4 Equilibrium gas composition: industrial cell (completely burnt), electrolysis.

The gas compositions at 975°C for the norma eectrolyss scenarios are given in Table 8.3,

demongtrating the trend of increasing CO, and decreasing CO concentration as the oxidation

levd isincreased. This dso suggests that the gas compaosition when formed under the anodes

has amilar leves of CO, and CO, and as the @s passes through the zones of increasing

oxidation the CO reacts to form more CO..

Table 8.3 Equilibrium gas composition (mol fraction) a 975°C for ectrolyss.

Species Laboratory Cell Industrial Cell Industrial Cell Indugtria Cell
Unburnt Partidly burnt Completey burnt
CO, 0.497 0.466 0.599 0.889
CO 0.479 0.484 0.351 2.0E-07
(O]} 2.8E-15 24E-15 7.6E-15 0.0%4
H 0 0.010 0.007 4.5E-09
H.O 0 0.015 0.019 0.032

These reaults establish the vdidity of the thermodynamic modeling, providing predictions that

agree with the genera expectation of higher CO, content in the more oxidised gas.
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8.1.2. Thermodynamic Predictions: Anode Effect.

The following predictions of equilibrium gas compodtion a anode effect do not include any
trangtion period from norma eectrolysis, and aso do not consider the egpsed time from the
beginning of anode effect, which has been shown to be of importance to the concentration of
gases evolved [64].

The anode effect composition for the laboratory cdll (Figure 8.5) shows, as expected for alow
oxidation scenario, high CO and low CO, concentrations. Also, in agreement with previous
studies [52,64,65,67], CF, isthe man fluorine containing species, with C,Fs present to avery
low levd. Importantly COF, is indicated in reasonable levels showing it is a
thermodynamicaly favourable equilibrium product. However it must dso be considered that
the predictions do not take account of any kinetic barriers to the formation of the various

Species.

The gas compodtions for both unburnt industrid cell gas EFgure 8.6) and partidly burnt
indugtrid cdl gas (Figure 8.7) ae dmog identicd, and only vary dgnificantly from the
laboratory cell because of the presence of hydrogen and water vapour. There is not a
ggnificant difference from unburnt to partidly burnt gas, because dthough the amount of
oxygenintheinitid conditionsincreased dightly, this was overridden by the high CO/CO; ratio

in both scenarios.

Smilar to the predictions for dectrolyss, there is a dgnificant change in the equilibrium
composition with the completdy burnt industrid cell gas FHgure 8.8). CO remains with the
highest concentration, athough it has decreased and CO, hasincreased to be just below CO.
COF; is higher, and a cdll operaing temperatures is & smilar levels to CF,, with GFs only
present in trace levels.
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Figure 8.5 Equilibrium gas composition, laboratory cell, anode effect.
1.0E+00
1 A A a A 4 4 A A A A A A A 4 A A A A A A A A A A A|A A a2
CF4
1.0E-01
CcO
H2
1.0E-02
c
5 COF,
3]
g
T 1.0E-03
(]
2 Cco,
=
1.0E-04
1.0E-05
C2F6 A A A A 4
a 4 4 s
N ‘
1.0E-06 : : : : = : : :

500 600 700 800 900 1000 1100 1200 1300
Equilibrium Temperature (°C)

Figure 8.6 Equilibrium gas composition: industrial cell (unburnt), anode effect.
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Figure 8.7 Equilibrium gas composition: industrial cell (partially burnt), anode effect.
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Figure 8.8 Equilibrium gas composition: industrial cell (completely burnt), anode

effect.

The results are summarised in Table 8.4, giving the compostion a 975°C, and showing the

trends as the gas becomes more oxidised.
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Table 8.4 Equilibrium gas compostion (mol fraction) a 975°C for anode effect.

Species Laboratory Cell Industria Cell Industrial Cell Industria Cell
Unburnt Partidly burnt Completely burnt
CO, 0.004 0.004 0.004 0.258
CO 0.632 0.619 0.653 0.318
(O]} 1.1E-19 1.0E-19 1.1E-19 1.7E-15
H, 0 0.020 0.019 0.008
H.O 0 2.0E-04 1.9E-04 0.010
CF, 0.311 0.303 0.272 0171
CoFs 9.5E-07 9.1E-07 7.8E-07 2.4E-08
COFR, 0.037 0.035 0.035 0.217

These predictions highlight the fact thet CO is the favoured carbon oxide product, even in the
fully oxidised gas. CF, is produced in much larger quantities than GFs, and COF; is a
potentid product from a thermodynamic point of view, athough kinetics of its formation are

not considered.

8.2. Experimental Findings.

The experimenta sat-up dlowed tracking of gases during dectrolyss, through the trangtion
into anode effect. In Figure 8.9 the mass spectrometric response of CO, CO, and CF, are
shown for an experiment. Electrolysis was from 0 to 105 minutes, when anode effect began
and proceeded for approximately 10 minutes before the cell current was terminated.
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Figure 8.9 CF, generation at anode effect.

8.2.1. Comparison to Thermodynamic Predictions.

During dectrolyss the levels of CO and CO, were damilar, findings very close to the
thermodynamic prediction shown in Figure 8.1. Theratio of CO to CO, remained steady urntil
the last few minutes before anode effect, when the amount of CO and the CO/CO; rétio
increased. During anode effect both CO and CO, dropped as the cell current decreased,
however the ratio of CO/CO; increased as the formation of CO, decreased much faster and
CO was the favoured gas. This agrees well with the thermodynamic predictions for the
laboratory cell a anode effect shown in Figure 8.5, where the ratio of CO/CO, aso increased
ggnificantly, and dso aher experimentd findings such as Tabereaux et al. [64], where the
CO, showed a decay while the CO increased. The laboratory cell showed a CO decrease
because the current was not maintained during anode effect, however the increasing CO/CO,

ratio isthe same.

Figure 8.9 aso shows the formation of CF, during anode effect. The partid pressures a m/e
=60, 50 and 25, al corresponding to CF,, are a basdine levels during eectrolyss. However
a 105 minutes they rise suddenly as the CO and CO, responses decrease. While it was not
possible to conclusively prove that C,Fs is not formed, the ion fragment a m/e = 25 (CF,*") is
only formed from the CF, parent, and while those at m/e = 50 (CF,") and 69 (CF") could be
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from both CF, and C,F, the rdlative ratios between the three ions are consstent with the gas
only being CF,. Again the experimenta findings agree with the thermodynamic predictions, as
CF, isthe prevaent fluoride speciesin Figure 8.5 whereas C,F isdmost nonexistant.

The experimenta and theoreticd findings agree well dthough they are not exactly the same.
The main reasons for this are that the experimenta results are a continuous measurement of a
changing Stuation, wheress the thermodynamic predictions are of an equilibrium postion. The
initia conditions used for the predictions were formulated to best represent the different
scenarios, dthough estimates were made in doing this. The most Sgnificant difference is that
the thermodynamic predictions do not take any account of the mechanism of formation of any
of the species consdered. Therefore certain gpecies might be predicted while there are

barriersto their formation.

8.2.2. Onset of Anode Effect.

To focus on the start of anode effect, Figure 8.9 isredrawn in Figure 8.10 showing the gas
andysis in more detail around the anode effect. Quite clearly the formation of CF4, beginning
between 105 and 106 minutes, occurred as a step increase rather than a gentle build-up. At
the same point in time the levels of both CO and CO, started decreasing, as the cdll current
decreased due to the higher cdll resistance.

To confirm the point when anode effect started, the cdll voltage during eectrolysisis shown in
Fgure8.11.
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Figure 8.10 CF,formation at anode effect: a more detailed view.
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Figure8.11 Cell voltage during electrolysis.

The most important feature of the cell voltage curve is the rapid increase near the end of

electrolyss. The curve ended because the next voltage sample was above 10V, the limit for
the data acquisition, so the actua voltage could not be determined from this point onward
through the anode effect. As can be seen in FHgure 8.12, the last voltage sample before 10V
was exceeded coincides with the last gas analys's sample before CF, was detected. Using the
definition of anode effect onset as being the sudden increase in voltage, this shows that CF,
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formation did not begin before anode effect, in direct agreement with Tabereaux et al. [64].
This was confirmed by checking the voltage and CF, responses in 22 experiments where CF,
was targeted in the gas andysis. In every experiment there was no detection of CF, before

the voltage showed the step increase to over 10V.
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Figure 8.12 Onset of anode effect at increased cell voltage.

8.2.3. Formation of COF,.

To further investigate the onset of anode effect, the gas andysis was set up to check for the
presence of carbonyl fluoride. The cell voltage was dso andysed as described in section 7.2,
and broken down into the different components to highlight the anode reaction polarisation.
The mass spectrometric response as well as the anode reaction polarisation are shown
together in Figure 8.13, which focuses on the end of dectrolysis and the anode effect for the

experimen.

Focussng firgd on the anode reaction polarisation, it can be seen that this increased by
approximately 1.1V over the duration of dectrolyss, 0.3V during the last 12 minutes before
anode effect began after 60 minutes. The second feature is the mass spectrometric andysis,
which showed CF, & m/e = 69 being formed only after the cdl voltage had increased
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stepwise to above the 10V measurement limit, clearly defining the accepted point of anode
effect onst.
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Figure 8.13 COF, formation before anode effect onset.

By far the most sgnificant feature of Figure 8.13 is the response of the mass spectrometric
peaks at m/e = 47 and 66. These correspond to carbonyl fluoride, the peak a m/e = 47
being the COF" ion and the pesk a m/e = 66 being the COF," ion. The response of the two
peaks is smultaneous, and the intengity ratio of m/e 66/47 remains relatively congtant at 50%,
agreeing well with another COF, analysis[85].

This evidence proves that COF, was formed in the laboratory cdl, confirming the otherwise
unproven theory of COF, formation in the duminium smdting cdl put forward by previous
workers [54-56,59]. Even more importantly, close examination of the data in Fgure 8.13
demondtrates that the formation of COF, began before the onset of anode effect. Both of the
sgnals (m/e = 47, 66) rose above their basdine vaues and showed a response for 5 sample
points before the anode effect began, a period of 3 minutes. When the corresponding
polarisation data is examined, the vaue during the last three minutes increased from 1 to 1.1V.
If the assumption is made that at the very sart of dectrolysis only CO was being formed by
reaction 2.17 (at 1.06V), then the voltage would need to increase by at least 0.8V before
COF, formation by reaction 2.39 (at 1.86V) would be possible.
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2N&AlIFs + Al,O3 + 3C = 3COF, + 6NaF + 4Al E°=-1.86V (2.39)

Therefore COF, formation was theoreticaly possble from 48 minutes onwards, so the
detection of COF; isjudtified from an eectrochemicd point of view.

The findings demondrated in Figure 8.13 were duplicated in two other experiments with the
same current density of 1.107A/cn?. Responses of the mass spectrometric pesks at m/e = 47
and 66 were detected at 5 and 6 scans before anode effect started (2.9 and 3.5 minutes).
The polarisation increases from the start of dectrolysis until the point COF, was first detected
were 1.15 and 1.05V, in close agreement with the 1V above.

There are severd possible reasons why COF, has not been detected in previous studies, but
has been seen here. The mogt likely reason is that in industrid cdlls, any COF, formed will
decompose by hydrolysisto form HF and CO, by reaction 2.42:

COF, + H,0 = CO, + 2HF (2.42)

This reaction & excluded in the laboratory cell because of the lack of moisture due to the
prehesting of the dectrolyte components and scrubbing dumina, the controlled atmosphere
and continud gas purging.

The detection of COF, before anode effect lends weight to the theory that it is a precursor to
anode effect. As discussed in section 2.7, it is possible for COF, to react with carbon,
forming CF, and CO, with a favourable equilibrium constant &t cdll temperatures.

2COF, + C = 2CO + CF, (2.40)

The CF, formed could be the very sart of the film that is eventudly present on the anode
underside during anode effect. Therefore if COF, could be detected in indudtrid cdls, it could
be used in conjunction with cdl voltage monitoring to provide early warning of anode effect
and trigger remedid action such as dumina feeding.

The formation of COF, by reaction 2.39 and subsequent reaction producing CF, (2.40) dso
opens up the possibility of anode effect starting before the recognised step increase in cell
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8. Gas Evolution During Electrolysis and at Anode Effect

voltage. If anode effect was characterised by the presence of CF, in the gas under the anode
then this could be well before the voltage had reached a level that permitted the direct
formation of CF, by reaction 2.37:

4NaAlFs + 3C = 12NaF + 4Al + 3CF,4 E°=-254V (2.37)

The sequence of events in the cell leading up to anode effect may even be consdered in a
different manner. The detection of COF, suggedts that as the polarisation increases with
decreasing aumina concentration, reaction 2.39 is initicted. The COF, formed then reacts
with the anode carbon (2.40) producing CF,. This CF, builds up as a film under the anode,
accelerating the rate a which the voltage increases due to the increased resstance. The CF,
film reaches sufficient thickness to become insulaing, causng a step increase in the voltage
[96], a which point direct eectrochemicad formation of CF, by reaction 2.37 begins.
Therefore COF,; plays an important role as an intermediate compound in the onset of anode
effect.

8.2.4. Involvement of Boron Nitride.

Because of the presence of boron nitride in the equipment, reactions between boron nitride
and the cdl products were investigated. The most thermodynamically favoured reections are
with COF; and CF,:

3COF, + 2BN = 2BF; + 3CO + N, K (970°C) = 9.22E+32 (8.2)

6CF4 + 2BN = 2BF3 + CzFe + N2 K (970°C) = 3.80E=12 (83)

Out of both generd interest and to test the accuracy of the thermodynamic caculations, the
gas andysis was et to detect BF;. The detection of boron containing species is aided by
boron having two main isotopes, 80% a molecular weight 11 and 20% at 10. Thus any
boron containing ions will be present in the gas analyss in pairs, 1 mass unit gpart. Figure
8.14 shows the mass spectrometric response when ions corresponding to BF; were targeted.
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Figure 8.14 Formation of BF 3 at anode effect.

The upper section of the graph shows the data as in Figure 8.13, to define when anode effect
began. The lower section shows the traces at m/e = 68 and 67 which correspond to the BF5*
ion, and those at m/e = 49 and 48 which correspond to the BF," ion. All four of these ions
showed a definite response beginning a 60 minutes. Theintengty ratio at 68/67 isthe same as
a 49/48, showing that the gas formed was BF3, and it occurred immediately the cdl went on
anode effect. This suggests that reaction 8.2 between BN and CF, definitely occurred,
however reaction 8.3 is not precluded. In fact the BF; response continued to mirror that of
COF,; after the CF, response dropped away.

Three experiments with a current density of 1.107 A/cn? showed BF; formation only during
anode effect as above, while two others at a reduced current dengity of 0.295 A/ci? showed
BF; produced before the onset of anode effect a the same time as COF,. Because of the
differing relaive gas formations it is uncertain if the reactions forming COF, and BF; are
coupled.
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8. Gas Evolution During Electrolysis and at Anode Effect

The formation of BF; indicates that the boron nitride in the cell did react, dthough it must be
recognised thet this is a phenomenon relevant only to laboratory cels containing BN, and aso
that this does not compromise the level of performance of the cell.

8.3.  Summary.

The thermodynamic modelling showed CO, and CO to be formed in amilar leves in the
unburnt or unoxidised regions such as under the anodes or the laboratory cdl. As the
oxidation level increassed, the ratio of CO,/CO aso increased. Gas analyss from the
laboratory cdl confirmed the high CO levels, with in some cases more CO being formed than
CO,. Usng the moddling, CF, was shown to be the dominant fluorine containing species
during anode effect, although COF, became important when the gas became oxidised.

Analyss of laboratory cdl gas showed CF, being formed during anode effect, and not during
norma eectrolyss, with a clearly defined point when anode effect began as the cdll voltage
increased suddenly. COF, was detected in the cell gas shortly before anode effect began,
after the cdl voltage had increased through polarisation to a leve where its dectrolytic
production was possble. BF3; was also detected in the cell gas a and shortly before anode
effect, indicating some reaction with the boron nitride used in the cell.

Except for the detection of COFR,, dl of the findings outlined in this chepter agree with the
results of previous studies into cdl gas compostion and anode effect. The findings showing
the formation of COF, confirm the speculation of previous publications that it can be formed

and is a possible precursor to anode effect.
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9. Forms of Sulfur Released from the Cell.

This chapter outlines the findings of the experiments and thermodynamic modelling described
in chapter 8, however concentrates on the sulfur containing gases produced during normal
eectrolysis and through the trandtion into anode effect. The predictions of sulfurous species,
based on the initid conditions in Tables 8.1 and 8.2, and the corresponding experimenta
findings are discussed.

9.1. Thermodynamic Predictions.

Predictions were made of the equilibrium compogtion of the cdll product gas usng the
thermodynamic gpproach and oxidation states outlined earlier.

Fgure 9.1 shows the predicted composition for the laboratory cell. The CO, and CO are as
seen in Figure 8.1, however the verticad scale has been increased and the sulfurous species
added. At cdl operaing temperatures COS is found in the greastest levels, with S dso
ggnificant. SO, and CS; are found to a much lesser extent, athough SO, increases a higher
equilibrium temperatures. The ratio of COS to S increases as the temperature decreases,
possibly due to the reaction of CO and S to form COS (2.46), as the equilibrium congtant for
this reaction increases with decreasing temperature. The formation of COS is very important
from an environmenta point of view, because it has along atmospheric life where it reacts with

water to form sulfuric acid, which catayses reactions of ozone destruction [73].

The unburnt indugtria cdl gas scenario in Figure 9.2 and partialy burnt gasin Figure 9.3 are
amog identicad b the predicted laboratory cell gas, except for the addition of some HS,
obvioudy aresult of the water vapour added to the initia conditions.
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9. Forms of Sulfur Released from the Cell

Once again the trangtion to completely burned gas Figure 9.4) brings about the biggest
change to the predicted gas composition. SO, becomes the only sulfurous species present in
any levels above avery low trace.
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Figure 9.1 Equilibrium gas composition: laboratory cell, electrolysis.
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Figure 9.4 Equilibrium gas composition: industrial cell (completely burnt), electrolysis.

The gas compositions at 975°C for the normal eectrolyss scenarios are gvenin Table 9.1,

demondtrating the trend of COS being oxidised to form SO, as the oxidation Sate of the

systemis progressively incressed.
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9. Forms of Sulfur Released from the Cell

Table 9.1 Equilibrium gas composition (mol fraction) at 975°C for dectrolyss.

Species Laboratory Cell Industria Cell Industrial Cell Industria Cell
Unburnt Partidly burnt Completely burnt

CO, 0.497 0.466 0.599 0.889

CO 0.479 0.484 0.351 2.0E-07
COSs 0.018 0.013 0.012 2.3E-19
SO, 4.3E-05 2.7E-05 1.0E-04 0.025

S 0.005 0.003 0.004 5.0E-24
CS, 1.5E-04 8.7E-05 5.3E-05 1.4E-38
H.S 0 0.009 0.008 1.6E-19

The predictions show CS,; as an important product in dl but the fully oxidised scenarios. This
agrees with the experimentd findings of Thongtad et al. [97], whereas previoudy CS, was
conddered to be much less dgnificant [62,72,75]. The method of formation of CS; is not
clear, possbly due to chemica reactions or from direct volatilisation [97].

The reactions involving sulfur and its form when rdeased from the cdl have amgor impact on
the carbon consumption. If the sulfur reacted and was released as SO, (as opposed to
carbon released as CO,) then the carbon (anode) consumption would only be different by the
higher molecular weight of sulfur multiplied by the fraction of sulfur in the anode. However
when COS is formed instead, the carbon (anode) consumption isincreased dramaticaly asthe
ratio of anode materid (carbon or sulfur) to oxygen increases fourfold. The formation of CS;
and S, has an even stronger effect, consuming anode materia without reducing any duminain
the dectrolyte.  Therefore while the only sulfurous species of any sgnificance in the find
oxidised gas rdeased from the cdl is SO,, the actua impact on the carbon consumption is

much larger because the sulfur has been initialy released as COS and S;.

In a amilar manner to during dectrolyss, the thermodynamic predictions of equilibrium gas
concentration during anode effect are given from Fgure 9.5 to Figure 9.8. The different
oxidisng conditions during anode effect present a different pattern of gas compositions. There
is effectively no SO, found in the laboratory, unburnt and partially burnt scenarios, and only a
very smdl amount in the completely burnt gas. COS, and HS for indugtrid cells, are the
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9. Forms of Sulfur Released from the Cell

favoured sulfurous species. Also of note is CS; being favoured ahead of S in dl but the

completdy burnt scenarios.
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Figure 9.5 Equilibrium gas composition, laboratory cell, anode effect.
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effect.

The vaues at cdll operating temperature are given in Table 9.2.
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9. Forms of Sulfur Released from the Cell

Table 9.2 Equilibrium gas compodtion (mal fraction) at 975°C for anode effect.

Species Laboratory Cell Industria Cell Industrial Cell Industria Cell
Unburnt Partidly burnt Completely burnt

CO, 0.004 0.004 0.004 0.258

CO 0.632 0.619 0.653 0.318
COSs 0.010 0.007 0.007 0.008

SO, 6.8E-10 4.9E-10 5.1E-10 1.8E-05

S 9.1E-04 5.3E-04 4.6E-04 0.002

CS, 0.006 0.003 0.003 6.0E-05
H.S 0 0.007 0.006 0.006

The predictions a anode effect show that sulfur causes an even larger increase in carbon
consumption a anode effect than during normd dectrolyss, because even less sulfur is
released as SO, and more as COS, S; and CS,.

The predictions of sulfurous species during both norma eectrolyss and anode effect agree
closdy with the experimentd findings of both Henry and Holliday [52], Oedegard et al. [72],
Kimmerle et al. [75] and Thonstad et al. [97]. These sudies dl showed COS favoured in
unoxidised gas, and SO, formed as the oxidation level increased. CS; was only found in
ggnificant levels in unoxidised anode effect gas, with these predictions confirming its oxidation
to SO, inthefully burnt gas

9.2. Experimental Findings.

The mass spectrometer was configured to monitor the mass spectra pesks corresponding to
SO,, S, COS, HS and CS;, during norma dectrolyss and through the trangtion to anode
effect. In dl the experiments when sulfurous species were targeted, there was no response to
any of the sulfurous species peaks other than those corresponding to COS. The response
from COS a m/e = 60 can clearly be seen in Figure 9.9, starting when dectrolysis began a O
minutes, and continuing until anode effect & 106 minutes, when it dropped away in a Smilar
manner to CO and CO..

153



9. Forms of Sulfur Released from the Cell

1.0E-06 - -
b . >:
: Electrolysis :

CO (mle=28) °

1.0E-07 ”
\{ CO, (mle = 44)\\K

1.0E-08
CF, (m/e= 69(\\
A A AN AW a8t

\

10 0 10 20 30 40 50 60 70 80 90 100 110 120
Time (minutes)

1.0E-09

Partial Pressure (torr)

Figure 9.9 Formation of carbonyl sulfide during electrolysis.

The response a m/e = 60 was reasonably consgtent throughout dectrolysis, dthough it
increased dightly as anode effect was gpproached, during a period when the ratio of CO to
CO, dso increased dightly. The similarity in the pattern of responses of COS, CO and CO,
and the way COS dropped away as the current decreased during anode effect suggests that
the formation of COS is either dectrolytic, through reaction 2.44:

AlLO; + 3C + 3S=3COS + 2Al (2.44)

or directly related to the main products of eectrolysis (CO and CO,), especidly by reaction
2.45:

S+ CO,+C=COS+CO (2.45)

This s further supported by the agreement with the thermodynamic predictions, as in both the
predictions and actud measurements COS was the only sgnificant sulfurous species during
eectrolyss.

The second concluson that can be drawn from these investigations is that the sulfur in the
anodes is rdeased initidly as COS, which is then oxidised, not necessarily completely, to SO,
as the gas passes through zones of higher oxidation potential and escapes the cel. The
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thermodynamic predictions indicate a smdl amount of sulfur during eectrolyss for the
laboratory cdl, dthough the gas analysis showed no indication of this However if any sulfur
was released it would condense in the gas collection system and therefore not reach the
detector of the mass spectrometer, so no response is expected.

9.3.  Summary.

The findings of both the theoreticd and practica investigations show very good generd
agreement with previous sudies [52,72,75,97], with the mogt significant finding confirming the
initia release of sulfur from anodes as COS, which then becomes oxidised to SO..as the gas
escapes from under the anodes and through the crugt of the cell. During anode effect the
different oxidetion conditions in the cdl mean that COS remains the Sgnificant sulfurous
gpecies produced. Sulfur is aso shown to be important to the carbon consumption of the cell,
depending on the form of sulfur when initidly released from the anode.
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10. Conclusions and Implications of the Research.

10.1. Accuracy and Success of the Method Developed.

A laboratory scae duminium cell and gas anadlys's system was designed that enabled detailed
investigations into the current efficiency of the cdl usng the oxygen badance method. The
system aso dlowed analysis of the gaseous species produced in the cdll during eectrolysis and
anode effect. The cdl was congructed to mimic an indudriad cell as closely as possible,
dthough the cdl was operated without an initid metd layer a the cathode to avoid
complications during operation. Boron nitride shidlding was utilised in the cdll to accurately
define the anode and cathode areas. The cdll current used was much larger than in previous
laboratory sudies, while maintaining a current dendty Smilar to that used in indudtria cdls,
providing alarger volume of reaction gases for andysis. The reaction gases were continuoudy
flushed from the cdl with an inert carrier gas. This dlowed for continuous gas andys's and
hence current efficiency determination at a frequency of nearly every 30 seconds.

The current efficiency, cdculated usng a modified oxygen bdance showed very good
accuracy when compared to that caculated by the actua depletion of adumina in the
eectrolyte. The current efficiency was shown to have a variability about a mean vaue, which
was genuine and not caused by uncertainties in the measurements in the system.

10.2. Cell Performance and Current Efficiency Trends.

The generd performance of the cell was shown to be dightly lower than that of indudtrid cells
under smilar operating conditions. This was primarily due to a lack of metd pad at the
cathode at the start of eectrolyss, causng alarger back reaction between dissolved metd and
carbon dioxide. The boron nitride used in the cdll was dso shown to have no effect on the
current efficiency.
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The cell was designed without a metd pad at the cathode, which meant that ro influence of
anode-cathode distance on current efficiency was expected, which was confirmed by
experimentd measurements. The effect of current dengty was investigated between 0.3 and
1.1 Alen?.  The influence on current efficiency was strong a 17.25 %CE per A/cn?, in
agreement with other studies, although this was only across the range stated. Current dengties
below 0.3 A/cn were not investigated because the experimenta system was unsuited to such
low cdl currents, however the current efficiency would be expected to drop away sgnificantly
as shown by other researchers. The effect of eectrolyte chemistry was studied by varying the
excess duminium fluoride content in the dectrolyte, giving cryolite ratios between 1.99 and 3.
Once again a strong effect, of -7.8 %CE per unit cryolite molar ratio, was found. Aswell as
establishing the performance characteristics of this cdl, this was again in agreement with
previous studies, and gave further verification of the current efficiency determination method.

Because of the uncertainty in the effect of dumina concentration on current efficiency in the
literature, particular attention was paid to this. The current efficiency was shown to vary from
sample to sample as the dumina concentration decreased towards anode effect, however in dll
cases a draight line could be fitted to the current efficiency curve after the start-up period was
disregarded. The largest effect of duminafound in this sudy was ill smdler than the smalest
effect found in al of the previous studies except for one. The overdl average effect found was
-0.0376 %CE/Wt% Al,Os, effectively no influence, in direct agreement with one other study
using a sound experimentd technique on a laboratory cell. This suggests that while in many
other studies an influence of dumina concentration was found, the current efficiency was
actudly influenced by the cell gtability, which varied as the dumina concentration changed
through processes such as duminafeeding or dissolution of dudge from the cathode.

The most ggnificant implication of this finding is that the dumina concentration itself should not
be the prime congderation when operating a cell, rather the leve of cdl gability and minimising
disruptions to the cdl should take precedence. Isolating the operating varigbles in a cell is
difficult, extremely s0 in the indudtrid environment. Therefore it may be more effective to
condder dl of the main variables in the operating strategy of a cdll so that so that the best
balance of current efficiency, energy consumption, anode carbon consumption and cdll gability
is found.
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10.3. Cell Voltage Analysis.

A repeatable cdl voltage pattern was shown, which featured an initid rapid increase due to
cdl resstance and polarisation changing, atributed to dectrode surface reactions involving
sodium and duminium carbides. After the Starting period, the voltage consstently increased,
due primarily to dectrode polarisation.

Cdl voltage andysis by current interruption and identifying the nerngt, polarisation and ochmic
components showed the polarisation to be strongly dependent on the alumina concentration,
whereas current density and anode-cathode distance had no noticeable effect. The magnitude
of the polarisation increase across a normal operating dumina concentration range was 0.5 to
0.7v. Complementary voltage andyss by caculation of the individua components and

determining the polarisation by difference showed very smilar results.

Further voltage andlys's has shown the dumina activity contribution to the total cdl voltage to
be very samdll, and of little influence to the shagpe of the polarisation curve. The vadue of the
index in the activity equation from Rolin [6] was examined, and the difference between 1 and
2.77 was indgnificant relaive to the magnitude of the anode reaction polarisation.

The research has shown how cdll voltage tracking can be taken further to determine the
individua voltage components, which provides more information about the ate of the cell, as

some components are a umina concentration dependent while others are not.

10.4. The Anode Effect and Fluoride Compounds.

Thermodynamic calculations of the gases produced in the cell predict CO and CO; in Smilar
levelsin unoxidised gas during normal dectrolyss. Asthe oxidetion leve isincreased, theratio
of CO,/CO shows a corresponding increase. At anode effect CF, was predicted as the
predominant fluoride species, in concentration levels many orders of magnitude higher than
C,Fs. COF, was dso shown to be a favoured equilibrium species for fully oxidised gases,

however the mechanisms of formation were not considered.

Mass spectrometric anadyss of the cell gases reveded a CO concentration higher than CO,,
the ratio increasing irther during anode effect as the CO, dropped away faster with the
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decreasing cdl current. The onset of anode effect in the laboratory cell was clearly defined by
the formation of CF,, and the smultaneous sep increase in the cell voltage. While these
findings were in agreement with previous sudies, the results when COF, was investigated
confirmed the otherwise unproven theory postulated by some researchers. COF, was
detected in the cell gas for a period of severa minutes immediately prior to the cdl going on
anode effect, a time when voltage andyss indicated the anode reaction polarisation had
increased  aufficiently to dlow the formation of COF, dectrolyticdly. The pogtive
identification of COF, demondtrates that a likely mechanism for the onset of anode effect is
formation of COF,; a an devated cdl potentid, the subsequent reaction of COF, with carbon
forming an initid film of CF, under the anode, the build-up of the CF, film until of suffident
thickness to become dectricaly insulating, and the find step of the voltage incressing rapidly
due to the insulating film to an even higher potentid where CF, and C,F¢ are formed
eectrolyticdly.

The involvement of COF, in the onset of anode effect, combined with the link between cdl
voltage and the formation of COF,, show how improved predictions of anode effect onset can
be made to dlow pro-active rather than reactive cell control to help reduce anode effects.
Detection of COF; is not necessarily required, however detailed andysis showing the change
and rate of change of cell voltage and an understanding of the anode effect onset mechanism
ae. An aea of further work would be to define more precisdy the times between the
formation of COF,, the appearance of the first CF, under the anode, and the point a which
the cdll voltage increases dramaticaly and CF, is rel eased.

10.5. Sulfurous Species Formed in the Cell.

Thermodynamic equilibrium caculations showed carbonyl sulfide, until recently thought to be
relatively unimportant, as the most important sulfurous species in the cdll asit isthe main form
of sulfur when initidly released in the low oxidation potentia Ste under the anodes. Sulfur
dioxide becomes more sgnificant as the COS moves through the zones of increasing oxidation
potentid until finaly mixing with the drafting air, being oxidised to SO,. The thermodynamic
caculations dso reveded why many of the earlier sudies discounted COS in favour of SO..
If gas andysis was only performed on samples taken from the cdl ducting or hooding, then the
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gas would have dready reached the environment with the greatest oxidisng conditions, and
most of the COS initidly present would have reacted to SO..

Gas andysis on the laboratory cell showed that under the low oxidation potentia with no free
oxygen, COS was the only sulfurous species formed. This enhances the findings of the
thermodynamic predictions, proving that COS is the form of sulfur when released from the
anodes, and that SO, is a secondary species formed by the oxidation of the COS.

The mgor implications of COS being present in cdls is firdly it mugt be included in the
gaseous species considered when determining the exposure or required protection from
exposure for personnd working in the immediate vicinity of a cell. Secondly COS must be
conddered in the gas trestment and scrubbing systems employed in duminium smeters. The
am should be to diminate COS in the find discharge to the atmosphere, because of the
environmentaly harmful effects, especidly the damage to the ozone layer. One method may
be to promote gas mixing and therefore oxidation of the COS to SO, before the gases reach
the treatment stage, so only SO, has to be considered.

10.6. Future Work.

The areas covered in this study with the nost promise for further work arein the investigation
of current efficiency and the influence of dumina concentration, and of the anode effect
phenomenon. Obvioudy the direction this must take is in trandating the principles of this
research in the laboratory to indudtrid cdlls. The chdlenges are to isolate cdl variables to
endble true measurement of the effect of dumina concentration on current efficiency in
indugtrid cdls, and dso to establish the formation of COF, prior to the voltage increase and
release of CF, & the Sart of anode effect as it is traditionaly viewed. The most sgnificant
modifications to the method used here would be in the system of gas cdlibration, sampling and
analysis. Specia care would be needed to extract gas samples from under the anodes without
the gas mixing with air, to adlow anayss for COF, before it reacted with moisture present in
the drafting ar.
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12. Appendix 1: Accuracy and Variability of Current

Efficiency Measurement

These caculations assume typical operating conditions of:
75A cdl current

2 l/min Ar flow into the cell

6% CO, and 8% CO product gas concentration

Applying Faraday’s law (equation 2.13) to the main dumina reduction reaction (2.1) givesthe
theoretical amount of oxygen liberated from the cell.
Theoretical oxygen = 3.886 x 10* mol/s

Assuming no variation in the gas concentrations and flowrates:
Ar concentration out of the cell
=100 - 6% CO, - 8% CO
= 84%
Totd flow rate from the cdll
=2/84%
=2.326/min
Molar flow rate of gasfrom cdll (using ided gas law)
=0.0951 mol/min
= 1.585 x 10° mol/s
Molar flow of CO, from cdl
=1.585x 10°x 0.06 X 2
=1.902 x 10-4 mal/s
Molar flow of CO from cell
=1.585x 10° x 0.08
= 1.268 x 10* mol/s
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Totd molar flow of oxygen from the cdll
=(1.902 + 1.268) x 10™*
=3.17 x 10" mol/s

Theoretica current effidency
=(3.17 x 10*) / (3.886 x 10
= 0.8157
= 81.6% CE

The firgt cdculatiion shows the theoretica accuracy of the current efficiency measurement,
which isinfluenced by the acuracy of the cdibration gas concentrations and the gas flow rates:

Assuming the limits of accuracy in the gas concentrations and flow rates:
6% CO, is made up of

(050 1/min cd. gasx 20 mol%) / (1.17 I/min Ar + 0.50 |/min cal. gas)

limits of accuracy are £ 1% of flow rate value

+ 0.2% gas concentration

CO, concentration alowing for limits of accuracy

= (0.49 x 19.8%) / (1.19 + 0.49)

=5.775%
8% CO ismade up of

(050 1/min cd. gas x 20 mol%o) / (0.75 I/min Ar + 0.50 |/min cd. gas)
CO concentration dlowing for limits of accuracy

= (0.49 x 19.8%) / (0.76 + 0.49)

=7.762%
Ar concentration out of the cell

=100 - 5.775% CO, - 7.762% CO

= 86.463%
Totd flow rate from the cdll

=1.98/86.463%

=2290|/min
Molar flow rate of gasfrom cdll (using ided gas law)

=0.0937 mol/min
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= 1.562 x 10° mol/s

Molar flow of CO, from cdl
=1.562 x 10° x 0.05775 x 2
=1.804 x 10-4 mal/s

Molar flow of CO from cdll
=1.562 x 10° x 0.07762
=1.212 x 10* mol/s

Totd molar flow of oxygen from the cdll
=(1.804 + 1.212) x 10™*
=3.016 x 10" mal/s

Theoretica current efficency
=(3.016 x 10%) / (3.886 x 10
=0.7761
= 77.6% CE

Accuracy of current efficiency measurement
=81.6% - 77.6%
=+4%

The second calculation shows the theoretica point to point variability in the current efficiency
measurement, which is influenced by the variation in the argon flow through the cdl and the

variaion in the partia pressure readings from the mass spectrometer.

The standard deviations of the mass spectrometer readings were determined by measuring the
output for a period with a fixed gas concentration. This gave vaues of 0.35% of the

concentration for CO, and 0.17% of the concentration for CO.

CO, vaiahility gives concentration of 5.979%
CO variability gives concentration of 7.986%
Ar concentration out of the cell

=100 - 5.979% CO, - 7.986% CO
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= 86.035%

Although the actua argon flow variability used in caculaions was + 0.0004 I/min, the origind
measured vaue of = 0.017 I/min was used to give a consarvaive esimate of the current

effidency varidbility.

Argonflow into the cdl
=2-0.017
=1.9831/min
Totd flow rate from the cell
=1.983/ 86.035%
=2.3051/min
Molar flow rate of gasfrom cell (usng ided gaslaw)
= 0.0942 mol/min
=157 x 10° mol/s
Molar flow of CO, from cdl
=157 x 10° x 0.05979 X 2
=1.877 x 10-4 mol/s
Molar flow of CO from cdll
= 1.57 x 10° x 0.07986
= 1.254 x 10* mal/s
Tota molar flow of oxygen from the cdll
= (1.877 + 1.254) x 10*
= 3.131 x 10* mol/s
Theoreticd current efficiency
=(3.131x 10%) / (3.886 x 10
= 0.8057
=80.57% CE

Vaiability of current efficiency measurement
= 81.57% - 80.57%
=+ 1.00%
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