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Executive Summary

A major concern of the Health and Safety Executive (HSE) is the hazard surrounding the

storage of high level liquid waste (HLLW). Targets have been put in place to encapsulate all

of this waste in a borosilicate glass matrix a
Vitrification Plants (WVPs). Té efficiencyof aWVP isreduced by ldckagesvhich form in

the offgas systencausinghe plant to be shidown for significant periods of timeThis

thesis is focussed on understanding the chemistry and mechanisms by which dust is carried

from the calciner to the offas system.

Lithium nitrate iscurrentlyused as a process aid to reduce the amount of dust carried over to
the dust scrubbem WVP, however, lhe mechaisms by which it achieves this veenot fully
understood.The firstseries of experimentthereforewere set up to deteirne the effects of
lithium nitrate on the reactions of metal nitrates found in HL l&f¥emperatures thought to

be experienced in the calcination procgsapter 5) The products formed from the reaction

of the component nitrates found in the HLLW welsodound to be significantly affected by
both time and temperatur@n timescales relevant to the calcination prodbssreaction
between Mg and Al nitragetwo of the most abundant HAL componeritgmedMg O a-nd 0
Al ;O at 550°C, via an unidentified Al containing intermediatét longer reaction times
however MgzAl(OH)3+2a¢(NOs)c.xH20 was formed On addition of LINQ, MgAl 04 wasthe
major reaction producsuggesting LiN®acted as a molten salt.

The reaction betwegrvhosphomolybdic acidHzPMo1:040.XH20, PMA) and zirconyl nitrate
yielded Zr(MoQ): (a primary component of the POG blockage mateaiayve 350C, with
no reaction occurring below this temperature. On addition of kiNiGZr(MoQO,)s was
formed via an irdrmediate (LiM0Os), which was isolated from the reactior3&0°C.

Reaction time had no significant effect on these reactions

Experiments to determine tledfectsof LINO3 onthe chemistry and dust generation

properties ofull Highly Active Liquor (HAL) simulantswere carried out (Chapter 6Pn

freeze drying, Caesium phosphomolybdateR®8:,040, CPM), MgRE>(NOs3)12.24H0 and
Al(NO3)3.9H,0 were identified as the crystalline products found in Blend HAL simulant, with
Mg(NOz3)..6H.0O also present in Magnox. After calcination for 10 minutes afG50
MgsREx(NO3)12.24H,0, and Mg(NQ)..6H,O in Magnox HAL simulant, werthe only

crystalline produatremaining,with decomposition occurring betwe880-400°C. Poorly
crystallineCeQ was formed above 45C. Addition of LiINO; to Blend HAL simulant

resulted in formation dBaCeQ at 550°C, again implying LIN@ acted as a molten salt.



Using the small scale calcinetyst and calcine samples of varying particle sivese

collected under a range of calcination conditioDsiring these experiments, it was found that
low temperaturg the addition of LIN@and high feed rates resulted in a reduction in the
normalised amount afust generatedThe mechanism by whichithdust wa formed

appeared to occur first by the abrasive breakdown of laajeine particles, which created
the majority of the dust, followed by caroyer of the smallest calcine particles, making up a
minor fraction of the dust.

Using a short simaint, the temperatures experienced by the calcine in the small scale calciner
were determined (Chapter 7). These were found to be highly dependent on the particle size of
the calcine, as only the outer surface of a calcine particle would have come taitt eotin

the heated calciner tube.

To allow the collection of dust particles generated on the small scale caldier,was not
possible in historic studiea,dirt trap was designed and install€dhapter 8 details the design
specification along ith installation and experimental issues encountered during this project.
The commercial benefits of maintaining the capacity to produce calcine at lab scale and the

impact this project has had on the calciner rig are also outlined.

The major outcomes of this projegere the identification of a range of species presetitd

HAL simulant both before and after calcination, the temperatures experienced in the

calcination process and the mechanism by which the dastated and caed to the offgas

system. These can be used to help model the processes which occur in the calcination process
on WVPRs and allow optimisation of sqtoints to minimise dust cargver to the offigas

system, therefore reducing downtingy carrying out @irther experiments on the VTke

temperatures experienced on the-fdhle process can be betetermined.
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1. Introduction

1.1 Issues with New Nuclear Build

With the price of fossil fuels risingnd theincreasingconcerns over C£emissions

contributing to global waming, the nuclear option is becoming more viable as a source for
the production of electricity. The nuclear industry supplmsaximately 15% of the world
electricity, and around 13% of that in the UKas of 2008 This number is falling in the

UK, as most of the reactors were built3@ years ago, and are in the process of being
decommissioned. The future for nuclear energy, however, looks bright, as proposals are
being drawn up fonew possible reactor sites in the UK, and the government are behind the

advancement of nuclear technologiBERR, 2008.

The major issue with the advancement of nuclear power is the production of nuclear waste.
The waste is hazardous and must be coathin a suitable mawer. It must be proved that

both future andegacy waste can be treated, stored and disposed of in a suitable manner, in
order to build public confidence in nuclear power. This will allow new build fiaad
disposakolutions to progress with the backing of the public to fulfil future energy needs.

When HLW waste is in liquid form it is highly mobile, and therefore if released can be
transported to the surrounding environment. As the waste is highly active, it also produces
heat,causing the liquor to boil if not cooled. If a fault with the cooling system was to occur
for an extended period of time, this could caosiing of the liquorreleasing radioactive

gases to the atmosphere. These storage tanks are one of the gpeatrss of the Health

and Safety Executive (HSEhence the UK government, through the Nuclear Installations
Inspectorate (Nl)have pttargetsn place tareducehigh level liquid waste (HLLW3}¥tocks

to set levels by 2015 (Bradshaw et 2D07%.

1.2The Arising of High Level Liquid Waste

Nuclear fuel rodsirecomprised of U@ of which approximately %6 is?**U and the
remainder*®J. When a uranius235atom fissions, it splits into twdaughter products.

Some of these daughter products poisorfubke which causes fewer fission reactions to
occur. These poisons reduce the efficiency of the reactor. Once the efficiency drops to an
unviable level, after approximately thrgears, the fuel is removed from the core and replaced
with new enriched fuglAEA, 2006).

! Taken fromhttp://www.world-nuclear.org 27" September 2009.
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The spent fuel, which has been removed from the reactor, will have a composition of
approximately 1 %>°U, 95 %%, 3 % fission products and 1 %Pu. After a period of

cooling, this fuel is dissolved in nitric acid and reprocessedcover the uranium and

plutonium from the fuel using the PUREX proc@aforld Nuclear Association, 2008)The
remaining solution containing the fission products is classed as high level liquid waste and is
concentrated and stored in underground tawksch are internally cooled. At Sellafield,

when the waste has been cooled for a sufficient period of time, it is transported to the waste
vitrification plant (WVP) to be immobiliseid glass.

1.3Immobilisation of High Level Liquid Waste

The HLLW s solidified by passing through a rotating kiln known as a calciner. This solid is
mixed with borosilicate glass frit in a ratio of approximately 1:3 in agnglhere they react

to produce the immobiliseglassproduct The glass is poured into a canistérich is welded
shut then decontaminated and sent to storage (this is discussed in more detail in section
2.3.2).

In the calciner, small particles of HLW are created and drawn into tlgaseffystem. The
process of gases containing the particles beiagn into the offgas system is driven by the
negative pressure under which the vitrification system runs, which ensures all leakage in the
system are iheakagesso there is no risk of releasing radioactive particles to the
environment. This air intakpushes about 2@iresof air per minute through the calciner

picking up these small particles transporting them to the dust scriiidderbecque, 2008)

Here the particles are-thssolved in boiling nitric acid and recycled to the calciner (this is

discussed in more detail in section 2.3.2.3).

It is in the dust scrubber that a major cause of plant downtime odglarskages of pressure
tapingsand therecycle feed back to the calciner are major problems in the process, and can
cause the plant to be shut down. As the plant deals with highly radioactive materials, the
process is highly automated and shielded behind thick concrete and lead glassae

blockages in the dust scrubber master slave manipulators (MSMs) must be used to clear them.
This project was designed to reduce blockage foomati the dust scrubber, by

understandinghe chemical processes from which they originate.



1.41ssueswith the Sellafield Vitrification Process

Lithium nitrate is added to the HLLW as an aid in the calcination process. It is well
documented that lithium nitrate acts as a binding agent in the dried calcine, increasing the
particle size and thereforeducing carryover to the offigas systeniMagrabi, 198)1 What is

not understood, however, are the processes which take place in the calciner that cause this
binding effect to happen. Lithium is also responsible for better homogeneity of the final glass
product when added to the calciner, as the amount of refractory oxides, containing primarily
iron and aluminium, are significantly reduc@rtace, 2005p By understanding the

interactions of lithium nitrate with other compounds present in the HLLWI|libaip

provide a way of increasing the productivity of the WVP.

Analysis of the problem compounds which cause the blockages in the dust scrubber has been
carried out, and it has been found that zirconium molybdate and ruthenium dioxide are the
main causs. Both of these compounds have low solubility in nitric acid, and therefore
precipitate in the dust scrubber liquor. The effects of rutimerin the WVP process are well
researchedyut not fully understoodis it has been known as a major problenmfany years,
because of its high volatilifMorris and Haig, 2010; Sarsfield et al., 2008; Moss and Haile,
2004)

It is not fully understood where in the process zirconium molybdate formation takes place. It
does precipitate in the HLLW, in the highly active storage tanks (HASTSs) and in the dust
scrubber. The formation of zirconium molybdate is due to the trangiomet caesium
phosphomolybdate in the presence of zirconium in solution. It is not clear whether this
transformation takes place in the solid state in the calciner. This reaction was investigated to
see if it can be inhibited or slowed to reduce tlvellepresent in the dust scrubber.

As the major issues have been identified, a series of experiments were devised to test the
effects of lithium nitrate in the calciner, in order to better understand the processes which take
place. The main objective tiis project was to reduce the amount of blockages which occur

in the WVP dust scrubber. This will help improve the efficiency of the process and thus

mitigate the risks of HLLW over a shorter time frame.



2. Literature Review

2.1 INTRODUCTION

Nudear fission can be defined as the splitting of a langdeus, usually uranium or

plutonium, into smaller nuclei with the simultaneous release of endrgyas discovered and
named by physicists Lise Meitner and Otto Frisch in 188 initial experments carried out

by Otto Hahn and Fritz Strassmann. The experiments carried out were designed to try and
extend the periodic table beyond uranium (the heaviest element known at the time). This was
carried out by bombarding the element with neutronssingla neutron to bind and create a
new element. This worked for most elements up to uranium. Uranium was found to break
down into smaller elements, discovered by tracing an increase in barium concentration
(Bowersox, 201p These results were sent teither who postulated the process of nuclear
fission occurring. This phenomenon is now the basis for the production of nuclear energy
throughout the world.

Enrico Fermi, was amongst the first people to realise the significance of the discovery of
nuclearfission. It was under his supervision that the first artificial nuclear reactor (Chicago

Pile 1) was constructed in 1942 (Greenwood and Earnshaw, 2002). This used graphite blocks
as a moderator, with both pure uranium metal and uranium dioxide pslfetsl.a The

reactor was controlled by inserting cadmium rods to act as a neutron absorber. The cadmium
rods were slowly removed, allowing the reactor to go critical, and -a@&fining reaction to

occur. This ran successfully for 30 minutes, runming power of 0.5 Watts, before it was

shut down by rénserting therods. This experiment proved it was possible to create and

sustain energy production by harnessing the power of the atom.
2.1.1 The nuclear reaction

Nuclear fission is the splittingf nuclei of heavy atoms by the absorption of a neutron causing
it to become unstable. Upon splittirglarge amount of energy is releasetich is used to
create steam to drive a turbiaed generate electricity. The reaction is-setaining, as

several fast moving nuclei are created during the fission reaction (Figure 2.1), each of which

can be absorbed by another atom, causing the fission reaction to continue.



J neutron
fission
@ product
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) neutron
Figure 2.7 Schematic diagramof the nuclear fission process

Fission of uranium typically yields two daughter nuclides, termed fission products (Figure
2.1). These daughter nuclei form due to the high probability of asymmetric fission occurring.
The fission products formed in nuclear waste reprocessing coveratiord of the periodic
table, with atomic mass ranging from approximately 70 through to 165 (Figure 2.2). These
peak at around 90 and 140, meaning the fission reaction prodti@agnd®Kr is amongst

the most common in the nuclear procdeswersox,2012).

Fission Yield, percent

B 100 120 140 160 180
Mass Number A
Figure 2.21 Graph showing the atomic weight

distribution of the fission products of*U

2 Takenfrom http://www.atomicarchive.com/Fission/Fission1.shtt@" March 2010
3 Taken fromhttp://www.science.uwaterloo.ca/~cchieh/cact/nucfig/fissionyieldigf March 2010.
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During the fission reactions, different amounts of energy will be released. The energy
released follows according to the theory of relativity (E9mahe energy released arises
because the mass of the fission products and neutrons created in the fission process is
minutely lower than the original atom. The mass difference is not the same for each reaction,
as different fission products are formed. Shuiss of mass is responsible for naclission
producing energy, with many uranium atoms undergoing this process simultandously
calculated, and later proved experimentally, by Frisch that the energy released from this
fission is200MeV (World Nuclear Association, 200

2% is the element of choice for most nuclear reacté®B\( is also used), as its nucleus is
highly unstable, making it susceptible to fission. In naturally occurring uranium deposits,
2% only exists in 0.7 % abundancad€Endlich and Hedley, 1988). It must therefore
undergo an enrichment process to be a viable fuel source in most reactors, te5abotit3
(Freundlich and Hedley, 1988). This allows a-selftaining reaction to be maintained within

the reactor. Thisotope ratio of the uranium used will depend on the design of the reactor.
2.1.2 Reactor design

The majority of the reactors which exist in the world today are light water reactors (LWR).
This fact is largely due to the pioneering work done by the & im the development of

this technology for submarine propulsion systems. The first nuclear submarine (Nautilus)
sailed for half a million miles over a 25 year lifespan with no problems occurring in the
reactor (Oldham, 2004). Due to this impeccabfetgaecord, the first American commercial

powerstations were based on this technology.

LWRs use water, as both a moderator (slows down neutrons) and a cobldntdth r eact or 6 s
core. There are twiypes of LWR, the boiling water reactor (BWR) and presed water

reactor (PWR). Inthe BWR, steam is generated directly from the water in the core, and the
radioactive steam goes straight to the turbines to produce electricity. This is condensed and
transported back to the core keeping the cycle goingnifimise the release of radiation,

the entire structure must be shielded, to the generator.
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Figure 2.37 Schematic diagram showing how a pressurised
water reactor (PWR) is used to generate electricity
(United States Nuclear Regulatory Commission, 2009

The PWR (Figure 2.3) runs on a two loop system. The first loop involves the water in the
reactor core being pressurised to stop the formation of steam. This heateis wan

passed through a heat exchanger, where the heat is transported to a secondary water system.
This system is not pressurised, and the water transforms to steam and drives the turbine. The
condenser then cools the water and returns it to the.cyBIVRs are advantagous as only the

core and heat exchanger need to be shielded. Any complication with the generators can

therefore be fixed manually, and this is generally regarded as the easier option.

Other reactor designs include the advanceecgated reactor (AGR) and liquid metal cooled
reactors (LMR). These are based on the same principles as the PWR, but generally use
graphite as a moderator, and either carbon dioxide (AGR) or a liquid metal (eg. sodium, lead)
as the coolant within the cor@hese will again pass through a heat exchanger where steam is
produced in a secondary loop to produce electricity. The first cociahpowerstation,

Calder Hall(opened in 1956 was an example of a gasoled reactor, and paved the way for

the next generation AGR.
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Due to the famous international disasters at Three Mile Island in 1979, and Chernobyl in
1986, the safety of nuclear reactors is a major concern. Along with the need for higher
thermodynamic efficiencies and proliferation concerns, this has driven gemisiend
nuclear bodies the world over to propose new generations of nucleargtatian

(summarised in Figure 2.4).

Generations of Nuclear Energy

Generation IV

| P
Generation I+ Revolutionary

S

Generation Il Evolutionary Designs

Generation |l [
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-
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| |
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2]
*u:

- Safe

o
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Figure 2.47 The evolution of nuclear power stations
(The Generation IV International Forum, 2008

The proposeeneration IV degins will have inherent safety features, which do not rely on

the operators to trigger them. These features rely on the material properties and stored energy
in order to shutdown the reactor, rather than human intervention, if an emergency situation
shouldarise. For examplén a fast breeder reactor the coolant is a liquid metal. When the

core overheats, the cladding and fuel will thermally expand allowing more neutrons to escape
from the core, so a reaction is no longer sustainable. The liquid imetedtts as a heat sink,

so even if the coolant system fails the core will be coféarld Nuclear Association,

2008). Generation IV Powestations are expected to be in operation by 2030, improving the

safety and efficiency of the nuclear industry.



2.1.3 Spent fuel reprocessing

The uranium used in nuclear reactors is first processddransformed into fuel rods. These
are encased in a cladding material which protects the fuel from corrosion, and keeps the
fission products contained. Thesfielements will genaily have lifetime of between three

and severyears due to the build up of neutron absorbing elements (poisons), which reduces
the efficiency of the react¢fAEA, 2006). The fuel rods are placed in cooling ponds to allow
theshortlived highly active species to decay. There will still be an abundance of fissionable
material left in the fuel rods once taken out of service, so fuel rods are reprocessed, in some

countries, to recover these materials.

The plutoniumuranium extration (PUREX) system is the most recognised way to recover
useful elements from used reactor fuel rods. Firstly the cladding is mechanically removed,
followed by dissolution in nitric acid. The uranium and plutonium can then be removed by
solvent extradébn in a tributyl phosphate/kerosene mixture (Devolpi e28I05), following
filtration to remove fine insoluble particles. The remaining nitric acid contains the rest of the

fission products, and is stored in stainless steel tanks until readyriffication and disposal.

Other methods of spent fuel reprocessing involve the dissolution of the whole fuel rod, with
the cladding. This avoids mechanical processing, and thefts out a step where nuclear
waste would be produced.

2.2 Nuclear Waste

Commercial nuclear reactors are the main source of nuclear waste, although hospitals,
universities and weapons decommissioning also contribute. For this project, the main focus
was on the processing of high level liquid waste (HLLW), formed from thecepsing of

the spent fuel.
2.2.1 Classification

There are 4 main classifications for radioactive waste in the UK (DEFRA, 2001; Wilson,
1996), which are:

1 Very Low Level Waste (VLLW) T Wastes which can be safely disposed of with
ordinary refuse, eadih 1 n¥ of material containing less than 400 kBg of beta/gamma
activity or single items containing less than 40 kBq (DEFR¥01). Wastes of this

type would include contaminated disposable gloves, hospital wastes etc.



1 Low Level Waste (LLW) i Containing rdioactive materials other than those
suitable for disposal with ordinary refuse, but not exceeding 4 GBq per tonne of alpha
or 12 GBq per tonne of beta/gamma activity (DEFRA01). Wastes can be
accepted for authorised disposal by controlled burial véfeity research equipment,
building rubble and metals housing reactors are usually classified as LLW.

1 Intermediate Level Waste (ILW) i Waste with radioactivity exceeding the upper
boundaries for LLW, but which do not need heating to be taken into adodhet
design of storage or disposal facilities (DEFRA01). The cladding for fuel cells
and reactor core materials will have high levels of radioactivity, but are designed not
to heat after the reactor is decommissioned, so will be classified as ILW.

1 High Level Waste (HLW)1 Wastes in which the temperature may raise significantly
as a result of their radioactivity, so this factor has to be taken into account in
designing storage or disposal facilities (DEFRAB01). These are all associated with
spent fuel rods and their reprocessing. HLW is about 2 % volume of the total nuclear
waste formed, but contamver 90 % of the radioactive materials formed in the
nuclear industry (Wilson, 1996).

2.2.2 Storage andlisposal

VLLW, due to its dw activity, can be incineratexthd placed in landfill sites. No special
disposal methods are required. LLWHhHswever monitored at specially designated landfill
sites. These forms of waste are not considered a threat sorttounding environment due to

the low levels of radiation that they emit.

ILW and HLW are usually stored at the nuclear plant site, and are encapsulated in an inert
medium (immobilised). This media can be a range of different glasses, ceramiesnmtsc
depending on the properties required (Table 2.1). This is a major area of research and

development within the nuclear industry.
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Table 2.17 Properties of various waste forms and their uses in the immobilisation of

nuclear waste (Donald etl., 1997)

Wasteform Proce?s Waste2 Economice Current/Studied Applications
Temp Loading
Alkali e
Borosilicate High Int Int % \I_/I'.tr::'tjat'(‘r)lg P ¢
Glasses ig a u wastes
Alkali . -
Phosphate Int Int High ::TT 'F_)':chv:gttggde wastes
glasses
Clay-ba_sed Low Int Low 1 Studied for high U, Pu
Inorganics and Zr wastes
Cement Low Int Low 1 LILW encapsulation
SYNROC High Int Int-High 1 Defence wastes
Phosph_ate Int Int Int-High 1 ng'h'lanthanlde and
Ceramics actinide wastes
Barium . . o
Aluminosilicate High Int Int-High 1 Limited HLW use
Calcium 1 CANDU waste
Titanium V. High Int Int-High 1 50% UQ waste
Silicate loadings

Int = Intermediate, V. High = Very High
! Process Temp: Low, <20C; Int, 2001000°C; High, 10061250°C; V. High, >1250°C
2 Waste Loading: Low, <1&b; Int, 10-25%; High, >25%
8 Economics: Low, <Borosilicate glass; Int, Comparable to borosilicate glass;

High, >Borosilicate glass

At the Sellafield site, HLLW is stored in double wallstainless steel storage taskselded

by concreteknown as highhact i ve st orage tanks (HASTO6s) . Th
cooled to stop the waste from boiling, which could lead to leakages. Due to the liquid nature
of the waste, it is highly hazardous as it is corrosive and could lead to a breach from
containmentf not actively managedThe tanks are closely monitored to ensag#ation and
coolingmechanisms are in plate@ minimise the hazardhut the tanks are not suitable for

long term storage To minimise this hazardhe waste is immobilised by the vitrification
process. The HLLW is pumped to the waste vitrification plant (WVP), where it is solidified,
and incorporated into a glass matrix (see section 2.3). The glass is poured into a container
which is welded shugnd decontaminated before being placedshialded convection

cooled storéBradshaw et al 2007.
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There is currently no permanent nuclear waste disposal facility in the UK, for seveoakreas
These include thpositioning of tlis site, productio of a safety case, and research to prove a
safe method of disposal. The current preferred option for disposal in the UK is the use of a
deep geological disposal facility. This would involve creating a series of tunnels between
5001000 metres below theurface, and placing waste canisters in a specially designed
repository. This would also be surrounded with further engineered barriers to stop radioactive

elements being released to the surrounding environment (Figure 2.5).

Cladding tube Spent nuclear fuel Bentonite clay Surface portion of deep repository

\

;
I8
S00m
¢
§

Fuel pellet of Copper canister Crystallne Underground portion of
uranium dioxide with cast iron insert bedrock doep reposstory

Figure 2.57 A schematicof the proposed deep geological disposal route made by SKB in
Sweden Svensk Karnbranslehantering AB, 200%

One of the major problems is the leaching of radioactive elements into mobile ground water.
Elements such as technetium have a long half life (B05years), and will form highly

soluble anions (eg Tc). These should be contained so no bodies of water become
contaminated. This is the reason that engineered and natural barriers are important
considerations when designing a nuclear waste repository. The idea of the deep geological
disposal facility cam about due to this phenomenon, as at 500 metres down the ground water

moves very slowly in certain environments, such as granitic rock (Rempe, 2008).
2.3 Vitrification

Glass making has been carried out for thousands of years, but only in the psetsd@ag it
been considered for the immobilisation of nuclear waste. The major reasons for the choice of

glass as a host material include (Marples, 1988):
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Most fission products are soluble in glass, so a homogeneous matrix is formed.
Flexible amorphoustructure allows incorporation of a wide variety of oxidation
states, atom sizes, bonding requirements.
High loadings (up to 50 %) of waste can be incorporated into the structure.
Glasses are inert materials so can withstand chemical attack and eaisiah
which are important requirements for final disposal.
1 The processing and materials for manufacture are reasonably economical compared to
other possible hosts.

1 The structure is unchanged by radiation effects.

Alkali borosilicate glasses are used lganide, as they have been the source of extensive

study, so properties are well documented (Donald, Metcalfe and Taylor, 1997). They have a
reasonable processing tempera(@@001100°C), and can be easily modified to improve
chemical resistance, meclieal strength, etc where required. Other glasses such as
phosphate and rare earth oxide glasses have been tested, but none can provide the low cost
and high flexibility of the current systems (Donald, Metcalfe and Taylor, 1997).

2.3.1 History of vitrific ation

The first attempts to vitrify nuclear wastes into a glass product were carried out in the early
19506s in Canada using nepheline syenite as t
Taylor, 1997). By 1958 a pilot plant had been constructed pirngluadioactive glass, to

prove that the concept of vitrification was possible.

Over the same period of time in the UK, natural soils were being investigated as base material
for HLW glass production. These however needed processing temperaturesldfaiAer

to produce a homogeneous product, so alternative glasses were investigated. The
investigation led to the development of the FINGAL (Fixation In Glass of Active Liquor)
process. The FINGAL process involved the calcining of the HLLW, melting and

homogenising with the glass frit all taking place in a stainless steel crucible. The crucible

also served as the storage vessel for the glass, so no pouring mechanism was needed (Lutze
and Ewing, 1988).
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The crucibles in the FINGAL process could ohbld about 50 kg of product, so

subsequently this project had to be scaled up. In 1975 the HARVEST (Highly Active Residue
Vitrification Experimental Studies) process, which could produce batches of approximately
1000 kg, was begun. It was through thiwée processes that the identification of borosilicate
glass as a good immobilisation host was identified. The problems of caesium and ruthenium
volatility, forming compounds which cause blockages in thea# system were also

discovered at this time (Mples 1988). These are problems which still exist today.

By the early 19800s, the French has devel oped
atelier de vitrification de Marcoule (AVM) process. British Nuclear Fuels Ltd (BNFL), now

Sellafield Ltd,adopted this process for its commercial waste vitrification plant (WVP). This

process still exists today as the method of immobilisation for HLLW formed during the

reprocessing of spent nuclear fuels.

2.3.2 Processing

In the AVM process (Figure 2.@he calcination is carried out separately from the melting by
passing the waste through a rotating kiln (calciner). Any volatile elements, compounds and
small radioactive particles are recycled by the primangaff system, to minimise the

radiation relased. The secondary @fas system is used to reduce the amount gf NO
released to the atmosphere. The dried antitdated waste is then fed into the melter with

the borosilicate glass frit, where homogenisation takes place. The glass is thenmgowaed i
canister, a lid is welded on and ttemnistelis decontaminated, before being taken to a

temporary store on site. A breakdown of the processes involved in each stage, is given below.

Continuous Vitrification Process

Highly Active Calcination
Liquid Waste  Additives

) Off Gas Equipment

Feed Control Scrubbers
Condensers
Effluent
Treatment

Glass Forming Additives

Storage
= = L 4
N Y
8-

Container Surface
for Glass Lid Welding Decontamination Swab Machine

Calciner

Melter

Fs1.14

Figure 2.67 Schematic of the continuous AVM process used faitrification of high

level liquid waste (Courtesy of the National Nuclear Laboratory)

14



2.3.2.1 The Calciner

The calciner is a rotating kiln which has a diameter of 0.3 metres and adérdtimetres. It

is elevatedat a 3 % angle from horizontal (Magsl, 1988) and is supported by roller bearings
at each end. It also has special gas tight seals which allow for tube expansion, made from
graphite. The tube is split into 4 zones, and is heated by-8li&llfelectric resistance
furnaces (one top and ohettom in each zone). A rabble bar is placed inside the calciner,

which is free to move around as the calciner rotates.

The calciner is fed from a feed tank, where the HAL is mixed with glass forming additives,
such as lithium nitrate to reduce the amipof calcine passing to the ajas system and to

reduce the viscosity of the glass, and process aids such as sugar to reduce the volatility of the
ruthenium (Marples, 1988). The HAL is fed into the calciner usually betwe&0 #ies an

hour dependingn feed concentration and the source of the waste (Magnox, oxide or blend).
The calciner rotates at around 25 rpm, with the rabble bar tumbling to prevent solids build up
on the walls. The temperature set points are generally abo8€80&ones 1 ang,

dropping to 656700°C by zone 4 (Veyer, 1995), although these temperatures are never

reached (Figure 2.7) due to the energy consuming procasddmat transfarccurring inside

the calciner
Heating
registors
Dust serubber / \ Upphe:nhalf
*r [ che 1 Zone %ﬁ Zone 3 \Zone_ 4 |} Blpls Bird cage
ﬁegii’lg \\i*\‘. I L < g m -
N g?g_ 'g ______________________________ {D 20 thmn
i f Giﬂ.!‘ﬂ'ﬁ’lt
Lower half rwvw—[—w—l—w—rm«—l
shells
evapir_aﬂnn calcjiation
Tube betperainre 500 - 600°C melter crucible

= 100 - 156°C /

Figure 2.7 Schematic diagram of the calciner with the temperature profile in the

different zones (Courtesy of the National Nuclear Laboratory)
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The calciner is designed to fulfil two major purposes, which are the evaporation of the liquids
from the HAL, and the daitration of the waste forms into oxides so they can be incorporated
into the glass matrix. Evaporation is the first process to tialoe pand this happens in the

first two zones of the calciner. The process conditions are such that the evaporative front is
maintained at the interface between Zones 2 and 3 (Bradley, 2010). This may be monitored
by the power input to each zone, as @rapjon consumes more energy than thaittation

phase. This is also apparent from the measurement of the external tube temperature in these
zones, as although set to 8@it will only reach between 10 and 150C (Veyer, 1995).

After Zone 2, althe liquid should be evaporated, and a solid blend of metal nitrates will be
present.

In Zones 3 and 4 of the calciner, there is a significant rise in the tube temperature to between
500-600°C (Veyer, 1995). This allows most of the metal nitrates tomnipose into their

oxide forms. Some nitrates are more stable however (eg.sLINBING; and some rare earth
nitrates) and will not decompose at these temperatures (Chun, 1977). Approximately 25 % of
the nitrates will remain once the waste has passedghittie calciner. The retention of some
nitrates is helpful for the melting stage of the process, as they increase the reactivity of the
calcine with the glass frit (Owens, Leung and Magrabi, 1985), producing a more

homogeneous glass product.
2.3.2.2 TheMelter

The melter is an elliptical shaped vessel made from Inconel 601 (Marples, 1988), which is an
alloy of iron, nickel and chromium. This material is chosen because it is ferromagnetic, so
has a high dielectric constant and low specific resistance. Thigsadlio alternating current

to be used to induce localised electrical currents, causing eddy currenferimée

(Bonnetier, 2007). The eddy curreats as charge carriers, and will overcome the specific
resistance, and cause the melter to heat up. allbiss the high temperatures needed for

melting glass to be reached.

The melter is split into several zones (Figure 2.8), each of which is independently controlled.
Wall temperatures of up to 1180 are induced to ensure the targka glass internal
temperature of 105%, which will allow a homogeneous glass to be formed in the timescale
allowed. 1050C is approaching the melting point of the inconel melter (28)0meaning

it has to be monitored closely. Coupled with the fact that the glds®adk with the Inconel,
removing chromium, these factors severely reduce the life expectancy of the melter (BNFL,
2007). The melter typically lasts for around 30D pours before fatigue and creep

mechanisms cause it to be taken out of service.
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Figure 2.87 Schematic diagram of the melter in the vitrification process
(Courtesy of the National Nuclear Laboratory)

The capacity of the melter is approximately 200 li{f20 kg) of glass, although it is only

half filled before each pour. A batch is typically fed at 25 kg an hour, comprising of
approximately 7 kg of calcine and 18 kg glass frit (Dawson, 2010). The glass is mixed by
having an air sparge in the melt. Thesluces the settling of inlsble compounds such as

RuG, and irorchromium spinel phases into the heel. The heel is the bottom section of glass
(approximately 70 kg) which lies below the pour nozzle, and is only removed when the melter
is fully drained. Once every 8 hours (190 kg charge) the glass is poomethe melter and
collected in canisters (BNFL, 2007), where they have a lid welded on, and are sent for
decontamination and temporary storage (see 2.3.2.4). It takes two pours to fill one canister on
the WVPs at Sellafield.

At the temperatures in theefter, the remaining nitrates decompose to oxides allowing them

to be incorporated in to the glass structure. While this processgging, there are releases

of NOy gases which need to be controlled from both the melter and the calciner. In this gas
stream there are small particles (dust) which need to be captured and returned to the process.
This gas is pulled out of the upper end of the calciner by the vacuum in the primgag off

system.
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2.3.2.3 Primary OffGas System

There are many differegases released from reactions taking place within the melter and
calciner, some of which (especially NMeed to be controlled, along with small radioactive
particles which get carried in the gas stream. The first stage of this processdssmhee

the solid particles in nitric acid, which is done in the dust scrubber.

Temperature
Head Pressure Decontamination
Offgas Qutlet ] : Wash Ring
Compressed Recycle Outlet
air for airlift Cooling VWater

2 Demister Plates

Impingement Plates N
" Recycle Airlift
\

Cooling Jacket

' Dust Scrubber
Drai
Offgas Inlet , ] & e
RCWF Return Cooling Water

7 Return
Steam Inlet =

Condensate Outlet

Figure 2.97 Schematic diagram of the dust scrubber
(Courtesy of the National Nuclear Laboratory)

The waste gas stream passes from the calciner to the dust scrubber, driven by the negative
pressure differential between the two systems (Roe, 2003). By running at negative pressure,
it also forces any leakages in the system to Bedkages, so no radiotive material can

escape from the system. The gas flows in tangentially, creating a cyclone effect. This allows
the larger particles to be separated from the gas by centrifugal force. Smaller particles can be
caught on the impingement plates, as thwese particles cannot change direction as quickly as
the gas molecules. There are six of these plates in the dust scrubber to maximise capture of
the radioactive solids (Roe, 2003). Any solids not caught on the plates will collide with the
nitric acid liquid droplets flowing from the top of the dust scrubber. This ensures that the

minimum amounts of solid particles able to pass through the dust scrubber andtbeto

next stagef the POG
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There are several factors which affect the efficiency digbardissolution in the dust

scrubber. The most important of these include (Hollebecque, 2008; Roe, 2003):

1 Number of impingement platesi the higher the number, the more probable the
particles will become trapped removing them from the gas stream.

1 Acidity of liquid T the higher the acidity, the greater the solubility of the particles
improving efficiency of particle removal.

9 Particle Sizei the finer the particles, the more likely they are to remain in the gas
stream, and therefore reduce the chancesuture.

1 Gas flow ratei if the gas flows faster, particles will not be able to change direction
as quickly allowing the impingement plates to gather more of the finer particles,
improving efficiency.

9 Liquid flow rate T particles have a higher chance olliding with the droplets,
dissolving them and removing them from the gas stream.

T Temperaturei dust scrubber liquor kept at boiling point to increase dissolution and

prevent condensation.

All of these factors are taken into account in the design of the dust scrubber. The gas enters
at the widest point where the cyclone is formed. There is a narrowing above this in order to
accelerate the gas up the dust scrubber to increase the vallaityng smaller particles to be
picked up by the impingement plates (Roe, 2003). These plates have a large cross section to
maximise particle capture. An air lift takes the nitric acid from the reservoir to the top of the
dust scrubber, and causes aiiitjicurtain to be formed, running down the plates. The dust
scrubber liguor is recycled around the loop at around 195 litres per hour (Hollebecque, 2008),
which will dissolve any small particles which collide with it. The acidity is monitored to

ensure raximum dissolution efficiency.

The dust scrubber liquor is fed back inte ttalciner at a rate of 15 litres per hour
(Hollebecque, 2008). The liquor is-ifted into a recycling constant volume feeder (RCVF),

which ensures this rate is kept constant.
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After the solid particles have been removed by the dust scrubber, the gases pass to the
condense(Figure 2.10) Approximately 75 % of the gas released from the calciner is water
vapou (Hollebecque, 2008), whidk cooled, condensed and reclatad back around the
condenser to cool the new gas influx. Some of the freeifNthe system will undergo a
recombination reaction with water to form nitric acid. The flow rate of the gases drops from
120 n#/ h entering the condenser from the dustilsber to 36 #V h leaving the top of the
condenser (Hollebecque, 2008) due to the condensation and recycling of the water vapour
which makes up most of the gas flow.
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:} Gas Inlet

J—.

i To Condensate tank

Figure 2.101 Schematic diagram of the condenser

(Courtesy of the National NuclearLaboratory)

The gases enter the condenser at the bottom, and are passed through two sieving plates.
These act as scrubbing units, as any small particles not removed by the dust scrubber will be
removed here (Sellafield Ltd, 2008). The gases also pasgththe condensate liquor,

helping remove solid particles and allowing some of the td®e removed by reacting with

the water. This also helps with the initial cooling of the gases in the condenser.
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The condenser works on a three pass system. Tyseens are isolated by a hydraulic guard

(top sieve plate). The first pass is designed to cool the gas stream to the point where the water
vapour will begin to condense. This system consists of a tube bundle up which the gas will
rise, while being surrawded by cooling water (Hollebecque, 2008). The second pass system

is similar to the first, except the gas is pushed down the column. In thjsruatof the

condensate is formed, and the liquid flows to the bottom of the condenser and out to the
condemsate tank.

The third pass is designed to maximise the efficiency of therdl®@mbination reaction with
water to form nitric acid. In this pass, the condensate is present inside the tube bundles, and
can therefore interact with the gas stream. Thgelamounts of water present will increase

the probability of the reaction occurring (Sellafield Ltd, 2008). The remaining gases will then
pass through two demister plates to remove any moisture droplets, before moving on to the
NOx absorber.

The NQ absaber(Figure 2.11)s a series of platakroughwhich the offgas passesEach

of these trays has a layer of liquid, which is designed to react with thaid®emove it

from the gas stream. The gases pass up through bubble caps, which have nairms ten
increase the velocity of the gas going into the liquid at each stage. By increasing the velocity
and forming bubbles, it is more probable that a recombination reaction will occur. The liquid
temperature is kept between-20°C, as lowtemperatures increase the rate of reaction
(Hollebecque, 2008).

There are 16 trays present in the Nsorber, each one designed to remove fkin the

system. However, as the gas rises up through the plates, the harder it becomes to remove the
NOx from the stream. For this reason, the overflow liquor is airlifted back to the thirteenth

tray. Fresh water is pumped in at the togtéginth tray) at a rate of 20 litres per hour
(Hollebecque, 2008), as the water dilutes the acid in the reservoir to béloacidity, which

improves the efficiency of the N@bsorption.
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Figure 2.111 Schematic diagram of the NQ absorber

(Courtesy of the National Nuclear Laboratory)

The primary offgas (POG) system needs to be kept at a negative pressure to prevent the
leakage of radioactive materials. The negative pressure is caused by a motive force used to
eject the offgas. As the pressure of the-gtis coming from the calciner is variable, an in

bleed valve is positioned before the ejector, in order to keepstartn The pressure at the
ejector is approximate”R 00 mbar, rising te90 mbar in the NQabsorber;30 mbar in the
condenser, and5 mbar in the dust scrubber (Hollebecque, 2008). This pressure cascade
ensures the offlas is driven from the calcinand through the POG system to the ejector.

The remaining gases pass through filters to ensure any remaining solids are removed, before

being released into the atmosphere from the stack.
2.3.2.4 Decontamination and storage

After the glass has been podriato the stainless steel canisters, the surface is

decontaminated. Decontamination is done using high pressure water jets to remove any
residual material from the outer surface. The surface is remotely swabbed, and tested for any
contaminants which mayave been missed. If this test is passed, the canisters are taken to the

interim storage facility on the Sellafield site (Figure 2.12).
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Figure 2.121 The interim storage facility for vitrified HLW at Sellafield

(World Nuclear Association, 2008h

The storage facility is comprised of large slabs of concrete, with many verticathetes
the top. The canisters are loaded using a remote automated system irftadksgEigure
2.12) which lower the canisters into the holes (Benbow, 19BA@loading structures are

very heavyand aranoved around bgn overhead crane allowing remote operation

The interim storage facility at Sellafield can accommodate up to 8,000 canisters. As the
canisters contain high level waste, they are heat generating and have to be Toeled.
canisters are air cooled using natural convedtiooughout the concrete stture. The store
has been designed to store waste for up to 100 years, to allow time for a final disposal

solution to become available.
2.4 Current Problems and Blockages

There are two main causes of downtime on the waste vitrification plant (WVEY) atg the
changing of the melter due to failure, and blockages in the HAL feed agdofystems.

Downtime due to melter change is unavoidable due to the corrosive nature of the glass
product on the melter walls, and is a lengthy process due to ttelhetvironment it resides

in. In this projectthe focus was teupport gprogramme to redudée downtime of the WVP
caused by blockages in the system to improve the efficiency of the plant and help meet targets

for converting HLLW into a solid wastierm.
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During normal operations of WVP, pressure tappings and feed lines can become blocked by
solids (Turner, 2007). This has required WVP to stop operations in order to remove the
blockage. Any blockages which take place in the piperk will causea plant futdown to

occur if theycannot be removed to avoid any unnecessary complications arising. The main
areas where these blockages occur are in horizontal pipes with a lovafeaf material

passing through them. The parts which have been blocked amdduzsed a plant shutdown

to occur include (Talford, 2003):

1 Recycle Constant Volume Feeder (RCVF) Airlift from the Dust Scrubber.
9 Dust Scrubber Feed line from the Calciner.

9 Dust Scrubber Pressure Tappings.

Analysis on the materials which cause the blgelsan the VTRshowed it to contain the
species zirconium molybdate hydrate [ZH@a(OH)(H-0).] and ruthenium dioxide. These
compounds are insoluble in nitric acid, and are therefore precipitated in the dust scrubber
liquor. These solids can then accuate, causing blockages and causing downtime on the

plant.

There are systems in place on the WVP to try to reduce the build up of materials. The auto
deboucharge (a pressurised water jet) is used to clear debris from the dust scrubber feed line
to avoidbuild up of material. For blockages which cannot be remdtede are three

options:

1. Use a master slave manipulator (MSM) to physically remove the blockage by
rodding.
Remove and replace the pipe which contains the blockage.
Chemically remove the blocga using ammonium carbamate which dissolves the

zirconium molybdate.
The chemical solvent route is only used in areas of the plant which cannot be easily removed.

During VTR Campaign 9, there was a significant amount of dust carryover to ipasoff

system (Short, 2010). The extra dust carryover resulted in the build up of solids in the RCVF
and dust scrubber inlet (Figu2el3. The HAL simulant used was not dosed with lithium
nitrate. This extent of solids build up is not observed on the VTR lithemm nitrate is

added to the HAL simulant.
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Figure 2.131 Photograph of the dust scrubber inlet during
VTR campaign 9 (Short, 2010)

Blockages in the RCVF were also a concern during campaign 9. These were attributable to a
combination of flakednaterial, which had dried out and fallen off the walls of the dust

scrubber during nenperational periods and excessive dust carryover during operational
periods (Short, 2010). XRD analysis on this material showed the main component of the
blockage matéal was zirconium molybdate, with chemical analysis also showing an elevated

concentration of iron.

A summary of VTR Campaign 9ditkages was recorded (Table)2.Zhese blockages
occurred in the RCVF and dust scrubber inlet (from the calciner), whedhe@main pipes
bl ocked on the WVPO6s.

In order for the ofigas system to pull the gas from the calciner to the dust scrubber, there

must be a pressure differential. Formation of blockages in the dust scrubber inlet and pressure
tappings seriously aftés the pressure control system of the POG, leading to shut down of the
process (Roe, 2003). This can be detected on the plant as it manifests as a drop in pressure
differential in the offgas coupling. Once this reaches a critical level, an alarmaowitics If

the pressure differential cannot be raised then the plant must be shut down to allow the

blockage to be removed.

The other major blockage issue is in the RCVF. The RCVF is responsible for the recycle of
the DSL back to the calciner. Blockadherefore slow down or stop this process, which

results in more liquid being present in the dust scrubber. This first manifests on plant as a
reduction in level and temperature in the RCVF tundish, due to the lack of feed caused by the
blockage. This is clear sign of a blockage and the plant must be shut down to allow the

blockage to be removed.
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Table 2.2- POG blockages and debris builelip during Campaign 9 (Short, 2010)

Cumulative hours in feed (hrs)
Campaign 9 part 1
Campaign 9 part 2

Date

Blend | Blend | 2™ | Vag | Mag
cal. vit. Blend cal. | vit.
cal.
Pre 18 DSRV washed out afte_r Campaign 8a
M 0 0 0 0 0 PPDO006. Left dry prior to start of
ay Campaign 9
RCVF breakpocinner bowl line
2" Jun 20 0 62 24 27 blocked, ~40ml solids retrieved by
rodding.DSRV NOT washed/emptied
~0.5cm thick layer on inner surface g
h POG coupling, & some loose material
107 Jun 20 0 62 24 163 DSRYV inlet. Coupling replaced as
found.
Some calcine buildip around melter
251 Jun 20 0 62 o 360 neck and still only ~0.5cnn off-gas

coupling. Significant builelup in DSRV
inlet

End of Campaign 9 part 1. DSRV washed with water and leigmpty over summer. Offgas
coupling and DSRYV inlet cleaned

RCVF breakpoRCVF inner bowl line

21 Sep 200 g %2 204 380 blocked.Required rodding and washin
to clear
RCVF breakpoRCVF inner bowl line
24" Sep 20 0 62 24 360 | blocked. Required rodding and washi
9 0 0 0 0 to clear. Large lump of solids retrieve
from DSRV
Knife gate seal o@alcine collection kit
29" Sep 22 8 692 204 380 required cleaning due to (baked) calci
build-up
End of Campaign 9 part 2
Very little solid material found in
2o Oct 20 0 62 24 | 360 | DSRV, but RCVF breakpeRCVF line,
72 76 9 8 41 and RCVF inner bowl were clogged

with ~80ml offine solids

2.5 Calciner Chemistry

2.5.1 Caesium phosphomolybdate and zirconium molybdate formation

Caesium phosphomolybdate,sEM0:2040.xH,O (CPM), is precipitated, as a yellow solid,

from highly active liquor (HAL) when the molybdenum concentragzoeeds approximately
0.015 M (Richardson, 2000). This occurs during the evaporation process after reprocessing,
before HAL is transferred to the HASTOS.
2007; Richardson, 2000; Doucet et @D02) havelsown that when subjected to various

conditions, conversion of CPM to ZMH is observed.
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The rate of conversion of CPM to ZMH has been found to increase at higher temperatures and
lower acidities (Bradley et al2004; Doucet et al2002). Increased tellium concentration

(at higher levels than in HAL) also increases the rate of precipitation of ZMH (Kubota and
Fukase, 1980). Testing done betweefiG@and 8C°C, to simulategmperatures experienced

in HASTs, showed that complete conversion of CPM to Z&MB0°C occurred within one

week. At 5C°C very little conversion had occurred after a week (Richardson, 2000). ZMH is
insoluble in nitric acid, and is one of the main causes of blockages on the waste vitrification
plant (WVP).

Studies carried out dyoucet et al(2002) showed the prigitation of ZMH from CPM

proceeds from surface reactions, rather than from the solution, and the rate of formation

foll owshame ®d& cur ve. The ZMH formed a highly
being growrfrom an amorphous film. A subsequent study by Magnaldo, Masson and

Champion (2007) suggested surface nucleation in combination with crystal growth was

responsible for the build up of ZMH within nuclear waste reprocessing. Neither of these

studies resu#td in a mechanism being discovered for the conversion of CPM to ZMH.

Formation of precipitates from highvel liquid waste simulant was investigated by Izumida
and Kawamura (1990). Precipitationzifconium molybdate hydrate, ZrMO;(OH)2(H-0).
(ZMH) was confirmed through XRD analysis, from a sample with low acidity aged at high

temperature. The following reactions were used to explain this:

Mo* +3H,0- MoQ, +6H" +3e-

MoQ, +H,0- HMoO; +H”

Zr* +H,0- ZrO** +2H"

2HMoQ; + ZrO?* +2H,0 -  ZrMo,O,(OH),(H,0),

This suggests that the formation of ZMH takes place in solution, increasing titeolicethat
these reactions take place in the dust scrubber rather than in the calbi@precipitation of
ZMH is known to occur in the ghly active storage tanks (HAS)'under aqueous conditions.

Thebuildup of ZMH i n t he HA Ssétiesto thedaottoneof thegHASTb | e ms  a s
and is very difficult to remove. The post operation clean out (POCO) waste residues left in

the tanks, after pumping all the liquid to WVP, would ideally be encapsulated using the

vitrification process, although recaweg this waste could prove a challenge. ZMH is a stable

product, however, with a low thermal expansion and high radiation stability (Taablos

Metwally, 2006) so it will nothange structure once encapsulated.
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In the dust scrubber, the formation d¥A is not desirable. In its cubic form, ZMH is

difficult to keep in suspension in the dust scrubber liquor (DSL), and so settles and causes
blockages. Thereforpreventing the formation of ZMH, or changing the morphojegyuld

be beneficial to reducing blockages in the dust scrubber. A cimwestigationis dedicated

to understanding the crystal growth, morphology and properties of ZMH.

The investigatiorfMasheder, 2009) has shown the morphology of ZMH can be ch&uged

cubic to a O6wheatsheafdé structure by the addit
as a function of Te concentration. ZMH in the
removed more easily from the surfaces from which they were growlnyauld therefore be

more easily kept in spension in the DSL. Additivesich as citric acid have been shown to

decrease the average crystallite size of zirconium molybdate (Edmondson, 2009). This could

also be beneficial in reducing blockages causedMH formation in the dust scrubber.
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Figure 2.147 Structures of M0,0Os?* and ZMH (Edmondson, 2010)

It is theorisedhat the reason for the reduction in crystal size of ZMH on the addition of citric

acid is the formation of a complex between thecacécid and the dinolybdate species,

Mo20s?* (Figure 215), thought to be part of the CPM to ZMH conversion reaction. At 10

mol % addition of citric acid, twinning of the crystals can be seamsing elongation of the

crystals. At higher addition levels, fractured growth is seen, resulting in the formation of
6whseshtafdé shaped crystals (Edmondson, 2010).

NL QP .

O—Mo, N}O—‘O
O \ /
/3 | | 0\0
HOOCH_-ZC ) CH,COOH
OH HO

Figure 2.157 Di-molybdate : Citric Acid Complex (Edmondson, 2010)
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An ongoing morphlmgical study of zirconium molybdate (Edmondson, 2010) has postulated
that the formation of ZMH from the conversion of CPM begins with the formation of the
phosphomolybdate keggin ion [PMO4g>. This is then broken down to formyPD, and

free molybdats. Raman spectroscopy has shown that E®e" and MeOs?* species exist

in equilibrium in a nitric acid solution (Sarsfield, 2004). 4@s* is of interest, as its structure
transposes directly into the structure of ZMH (Figadet). It is thought thiazirconium ions
react with this species, resulting in the formation of ZMH through the following reaction
scheme (Edmondson, 2010):

Cs,PMo,,0,,.14H,0« %% PMo,,0 +3Cs" 2
6Mo0,0?" + PO] «¥- ZrMo,0,(OH),(H,0),

It is currently unknown whether the conversion of CPM to ZMH occurs within the calcination
process.

2.5.2 Reactivity of lithium

Lithium plays an important role in the vitrification process. Originally, lithium was only used
as a component in the gldsis, but investigations have shown that it also has a profound
effect in the calcination process. From-stlale inactive trials carried out by BNFL, it is
hypothesised that the roles of lithium in the vitrification of high level waste include (Magrabi
1981):

1 Formation of complex oxides with aluminium and iron, allowing higher reactivity in
the melter improving the homogeneity of the glass product.

9 Acting as a binding agent, reducing dust cavgr to the offgas system and
therefore reducing blockag in the dust scrubber.

1 Reducing the viscosity of the glass, allowing a higher portion of waste oxides to be

incorporated, and improving the pour characteristics of the melt.

The amount of lithium present in the system must be carefully controlled bt$léocan

result in high dust carrgver and high glass viscosity. This would result in high probability
of blockages in the offjas system, poor homogeneity of the glass product and difficulty in
controlling the pour rates (Magrabi, 1981). A highilitm content can also be detrimental to
the process causing the calcine to become too sticky, causing blockages in the calciner. It
could also lead to higher leach rates from the glass product, causing problems with final
disposal (Marples, 1988; Larkird&6, Harrisonet al, 2010.
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The target amount of lithium oxide present in the final glass product is about*4 w6 of
this is present in the glass frit as lithium oxidexQ)i and the other half is added to the HAL
as lithium nitrate (LIN@.3H.O (aq)) before calcintion. This combinatioprovides a good

balance of properties in both the calciner and the melter.

Oxides of aluminium and iron are stable and take a long time to react in the melter. The
addition of lithium promotes the formation @dmplex oxides which are more reactive than
the pure oxide. This is important for Magnox westens, where the levels of aluminium

and iron are relatively high (Wills, 2002). Oxide and Blended wiastes have much lower
concentrations of aluminium amwn, and therefore the need to add lithium to the simulant is
reduced.This would need to be taken into account by adding the lithium to the glass frit, so
the level of lithium in the final glass produetmained at the desired level.

There are, howevea number of benefitghich could be achieved bgliminating lithium
addition to the HAL, (Brace, 2005b):

T As | ithium is added as a dilute solution it
19. Removing this would allow more flexibility within HALES é&provide benefits
to upstream reprocessing operations.
Lithium analysis of HAL could be eliminated.
Full-lithium base glass may give greater fluidity allowing better mixing and faster
waste incorporation within the melter.
1 Formation of alkali molybdatda the calciner causes yellow phase formation.
Yellow phase is not easily incorporated into the glass and is corrosive to the melter
crucible, reducing the lifetime of the melter.

Figure 2.16- Magnox glass (Short, 2006)

(Grid markings are 1cm?, refractory phase particles are circledl

Az

Full scale full Li MW

4This figure of 4wt% is based on a 25% waste oxid®fporation, which results in a 1:1 ratio of
lithium to sodium. At different waste oxide incorporations, this value is changed to maintain the
lithium to sodium ratio in the final glass product.
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Although the benefits of adding lithium to the calciner are well documented and researched
(Magrabi, 1981; Larkin, 1986; Marples 1988), there seems to be little understanding of the
reactiors which take place in the calciner. When lithium is not added, spinel phases
containing iron and aluminium can be seen in the glass as grey meaditiclegFigure 2.16,

which can beseparated from the glass. This allows analysis to be carried otheaoddes
present can beetected. Upon the addition of lithium to the calciner, these phases are present
in a much smaller scalndquantity and thereforeecome difficult to separatednalysis of

the new lithium containing phase is thereflimgted to SEM, as this can be dein the glass
product (Figure 2.17

AlMgFeNiCr
particles
(grey spots)

Glass matrix

CeZrRE particles
(white spots)

X2, 888 1B8mm

Figure 2.177 High magnification backscattered electron image of a
refractory rich particle in WRW17 4 % Li ,O (Short, 2006b)

SEM and EDS analysig&igure 2.17 revealed that onghase was composed of the refractory
metals Al, Mg, Cr, Ni and Fe in various relative abundar(gbsrt, 2006h)and probably
present in the form of oxidewith a spinel tge crystal structure (althoughrdy diffraction
analysis would be required confirm this). The othgshase often haplarticles containing

cerium zirconiumandrare-earthmetalsentrained in it too.
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Table 2.37 The possible reactions of lithium nitrate with metal nitrates in the

calcination process

Melting
Product Reaction Scheme Point
(°C)
LiNO3 NO REACTION 255
Li2O 4LINO, 9%~ 2Li,0 +4NQ, +0, 1432
LIAIO 2 LING, + AI(NQ,), - LIAIO, +4NQ, + 0O, 1625
LioZrOs 2LING, + ZrO(NQ,), - Li,ZrQ, +3NQ, + 20, 1695
Lio.MoO4 2LINO,; + MoG; - Li,MoO, + NG, +:—2302 705
CsLiMoOy LINO, +Cs" + MoQ, - LiCsMoQ, + NO, 770-800

Lithium nitrate has a noticeably low melting point, meaning Heacted it would be present
as a liquid in the calcination process. This rhayne of the reasons that lithium acts as a
binder, reducing the dust casoyer to the dust scrubb@vlagrabi, 198). It is highly likely
that some of the lithium nitrate will remain-v@acted, due to the high concentration of
lithium compared to podslie reactants, such as aluminiumdadhne relatively short residence

time in the calciner.
2.5.3 Nitrate decomposition

One of the main processes which take place in the calcination process isitnatibe of
metalnitrates. The objective of tlmlcination process is to produce a matenith good

reactivity and low volatility when in the melter (Jervis, 1985). Some residuatastwill

remain in the calcinffom compoundwith high decomposition temperatureslile 2.4. The
amount of residal nitrates after calcination will depend on the process aids and temperatures
used. These nitrates will increase the reactivity in the melter (Owens, Leung and Magrabi,
1985), giving a more hongeneous glass product. As the melter is operataxahd1050

°C, these residual nitrates will decompose to their oxide form in the melter, allowing a

uniform glass, containing waste oxides, to be formed.
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Table 2.47 De-nitration temperatures for metal nitrates found in simulated HAL (Chun,
1977)

Nitrate oude | *Garing | Teminal | Peniraton
Temp (°C) Temp (°C)
Al(NO3)3.9H0 Al0s 53 460 99
Ba(NOs): BaO 296 805 0.5
CsNGs Cs0 522 Volatile 0
Cr(NOs)3.9H:0 Cr:03 33 466 97
Fe(NQ)s.9H.0 FeOs 46 367 100
Mg(NOs)2.6H.0 MgO 43 502 60
Ni(NO3)2.6H0 NiO 55 665 99
Rare Earth M20s 50 836 65
Ruthenium Sol RuG 37 557 95
Sr(NG):2 SrO 339 738 0.1
Zn(NGs)2.6H0 Zn0O 74 372 100
Zirconium Sol ZrO; 24 656 98
LiNO3.3H0 Li-O 600* Volatile 0
NaNG; NaO 588 Volatile 0

* |oss of 3HO between 5&54°C.

The decomposition temperature of metal nitrates has been found to be inversely proportional
to the charge density of the metal cation (Yuvaraj.eR@D3). The charge density of the

metal cation determines the bond tyggween the metal and the nitrate. Metals with a low
charge density (NaK*, Ba") form an ionic bond which is strong, and therefore the
decomposition temperature is relatively high. A high charge density catibn Gal*, F€™)

results in the formatio of covalent bonds between the metal and the nitrate anion. This
reduces théond order, weakening the nitrate boreulting in a low decomposition

temperature (Yuvaraj et.aR003).
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2.5.4 Molten salts

Lithium nitrate is currently added to the @alker in order to reduce the dust caomer from
the calciner to the dust scrubber. As lithium has a low melting point it will be present as a

liquid in the calciner. This gives rise to the possibility of molten salt reactions occurring.

Molten salts an provide an alternative media, which can change the reactivity and solubility
of reactants (Afanasiev and Geantet, 1998). This provides a different environment in which
chemical reactions can occur, which would not usually take place in an aqueousimadiu
example of this was performed by Xu et(@009) creating metal oxides with polar surfaces
exposed, by using lithium nitrate as a molten salt. This is due to the strong interaction
between the pal surfaces and the molten daltvering the surfacenergy allowing these
compoundgo be formed. These polar surfaces have a high surface energy, and may give
novel properties to the product§hese types of reactions could occur in zones 3 and 4 of the

calciner where the lithiumitnate will exist in a molten state.

There are two main mechanisms by which reactions proceed in a molten salt host, which are

t he Otgermpwtahtée angrédi psolatti omd® mechani-sms ( Zha
growt hd r eact i omhereaotants is muchvrhoeersolublaie thearfoltem salt

than the other. The soluble reactant diffuses on to the surface of the other reactant causing a

reaction to occur. The product of this reaction retains the morphology of the insoluble

reactant.

T h eissdiutionpr eci pi tationd mechanism occurs when bo
molten salt (Zhang, 2007) . These -grawth®d®ns ar
mechanism and can occur at much lower temperatures. This is due to the dhcrease

interaction between the reactants and faster diffusion. The products from this reaction have

no fixed morphology and can be very different from the reactants.

Alkali metal nitrates are low cost and have relatively low melting points, such as lithium
nitrate (255°C), and are therefore often usednmestigations for molten salt synthesis.

When two or more of these alkali metal nitrates are mixed the melting points can be made
even lower, forming a deegutectic molten salt. The melting pamif somealkali metal

nitratesand their deejgutecticmixtures are shown in Table 2.5
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Table 2.57 Melting points of alkali metal nitrates and their deep eutectic mixtures
(Afanasiev and Geantet, 1998)

Molten Salt Composition (%) Melting Point (°C)
Lithium Nitrate 07 100 255
Sodium Nitrate 07 100 310
Potassium Nitrate 07 100 337
LINOs T KNOs3 eutectic 43-57 132
LINOsT NaNGs 7 KNOs eutectic 3071 17-53 120

Lithium nitrateand dher alkali metal nitrates, aasLux-Flood base Theyare, therefore,
good G donorsand can lower the temperatures needed for an oxidation reaction to occur.
The following equations describe the LBood interactions between molten nitrates and

oxoacids (Afanasiev and Geantet, 1998):

NOz + Acid ———— & NO,' + Acid.O*

NO," + NOs —» 2NO, + 1/202

This type of reaction is used in the formation of metal oxides. The catigiN@j K* etc) of

the molten nitrate has a strong impact on the reactivityeofritblt. This will control the

basicity of the molten salt and therefore the concentratiorf @v@ilable for reaction.

Lithium nitrate is the most basic of the alkali metal nitrates, making it the Bedoi@r,

giving it the highest reactivity (Afaséev, 2007). Combined with the fact that lithium nitrate
has the lowest melting point of the pure alkali metal nitrates, it is a good molten salt to use in

the molten salt synthesis of metal oxides.

In the calcination process, it is possible that thatiaddof lithium nitrate facilitates reactions
which would not occur in the agueous phase. Experiments will be designed to determine
whether lithium nitrate undergoes or facilitates reactions in the calciner, causing a lower dust
carry-over to the dust sabber, or simply binds the calcine together while in its molten salt

State.
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2.5.5 Ruthenium tiemistry

Ruthenium is formed as a fission product and is present in HAL resulting from the
reprocessing of spent fuel. The HAL is evaporated and stoteédhils T, Where it

encounters temperatures in which volatilisation can occur. Volatile species are removed
through the offgas system to avoid them being released to the environment through the plant
stack. An incident occurred in 1997 where there wadease of radioactive ruthenium from

the WVP stackWatson, 1997). The release was small in terngsrafliological event, but
highlightedthe need to carry out further research into ruthenium behaviour under the range of
conditions experienced during tirification process.

Ruthenium is also present in the dust scrubber as a significant portion of the insoluble solids,
in the form Ru@. This contributes to blockages forming in the-gds system on WVP,

reducing the throughput of the plant. Severatstigations have been carried (dorris

and Haig, 20105arsfield et al., 2008; Moss and Haile, 2pD@4help understand the

behaviour of ruthenium species within the oper e

Early work on speciation of ruthenium in nitacid solutions carried out by Brown et al.
(1961) identified 4 classes of ruthenium coexas in plant processes (Table)2.Ghe

majority of these contain the stable nitrosyl ruthenium RuNO (lll) cation (Newby and
Rhodes, 1978) and exist in a six@alination species made up with aquo ligands with the
formula [RUNO(NQ)x(H20)s5x]***. The value of x increases as the strength of the nitric acid

increases.

Table 2.67 Summary of ruthenium species present in nitric acid solutions

) Behaviour in HNO3z at room Oxidation to RuO4in
Species (and colour) _
temperature HNO; solution
(1) RuNO nitrato Moderately stable, conversion t
) Easy (slow)
complexes (Red/Brown) (4) possible
(2) RUNO nitro complexes .
Stable Difficult

(yellow)

Convertedo (1) and (2) under
(3) RUNO uncomplexed _ - Easy (slow)
appropriate conditions

(4) RuORu nitrate (brown| Stable in the absence of HNO Very easy
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The following reaction schemes show the relative rates of oxidation to the Ru (IV) cation
(RU*) or RuQ (Waring, 1999):

Ru(NO)nitro complexe#y, Ru** difficult
Ru(NO)nitrato complexe8 Ru** easy, but slow
Ru* A (RUORUS*A RuQy fast

In the evaporators, ruthenium volatility is relatively low (Cains, 1980). However, under
calcination conditions the rutheniurolatility is greatly increased. Work carried out by
Weisenburger and Weiss (1980) showed the volatility of ruthenium depends on the waste
composition and processing conditions.

An extensive study of ruthenium volatility was carried out at Harwell iit8e8 0 6 s wi t h t he

main author being P. W. Cains. This study showed (Berg and Monteith, 1998):

Volatile forms of ruthenium are transients eg. RuO
When ruthenium is volatilised to Ru@ rapidly decomposes to form very fine
particles of Ru@under conditions used on the WVP plant.

1 Lab results do not simulate what happens under plant conditions due to there being

more places for deposition on the plant.

Klein et al. (1985) asserted the existence of volatile ruthenium nitrosyl species fatimeed e
through the reaction between Ru@ith NO, or the calcination of RNN solutions in nitric
acid. Ruthenium nitrosyl species are more stable than Bu®Dcan therefore be condensed
from the gas phase more easily. This postulation could explainigieree of both soluble
(RNN) and insoluble (Rug) species of ruthenium being present in thegai$ system.

Evaporation studies on dust scrubber liquors (Moss and Haile, 2004; Wright and Brown,
2003; Wright and Brace, 2004) have all shown that no loastleénium is detectable.

However, when dissolved calcine is used there are significant amounts of ruthenium
volatilised from the samples (Sarsfield et al., 2008). It is possible that operations in the dust
scrubber during the running of the VTR eithause all the ruthenium to form stable species

in the DSL, or that the volatile forms of ruthenium are driven off.
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Morris (2010) identified thatitric acid,cerium and chromium are the most likely speaies

the HAL to causeheoxidation ofrutheniumto form RuQ. They are all present in the dust
scrubber and have high enough oxidation potentials to oxidise ruthanilen dust scrubber
conditions Motojima (1989)reported that cerium nitrate can completely oxidise Ru (lll) to
RuQs when theratio of cerium to ruthenium is above 1.5. The ratio of cerium to ruthenium is
lower in the dust scrubber than in the calcine, which could account for the differences in
ruthenium volatility behaviour (Morris, 2010).

Ruthenium is added to HAL simularg euthenium nitrosyl nitrate (RNN), which thermally
decomposes to form RuOUnder calcination conditions, oxidising species are formed due to
the decomposition of nitrates, which can oxidise the ruthenium to form. RLiGs is a

volatile species, and therefore preferentially carried over to the-géis system. By adding
sugar to the HAL simulant, the number of oxidising species is reduced in the calciner,
decreasing the amount of Rufdrmed. This reduces the carryover of ruthenium to the dust

scrulber.

MacDougal et al. (1982) studied the reactions of sugar with nitric acid, quoting the reaction
as:

12HNG, +C ,H,.,0,, - 12CO+6NO, +6NO+17H,0

12HNGQ, +6NO- 18NO, +6H,0

24HNG, +12CO- 24N0, +12C0O, +12H.,0

Resulting in the overall reaction:

48HNQ, +C,,H,,0,, - 48NQ, +12C0, +35H,0

These reactions will also take place with the metal nitrates priesiivat HAL as well as with
nitric acid. Due to the nature of these reactions the following observations were noted upon

increasing the concentration of sugar added (Undre, 1985):

The acidity of the dust scrubber decreases.

The acidity of the condensaaed NQ absorber liquors increase.
The residual nitrate within the calcine decreases.

The calciner tube expansion increases.

The mean patrticle size of the calcine decreases.

o a kN ke

The ruthenium carryover to the ajas system decreased to a minimum before

increasing (Figure 2.B).
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The first 3 points can be explained by the destruction of nitrate ions originating from the nitric
acid and waste metals in the HAL (Brace, 2005c). This reduces the amount of residual
nitrate, reducing the acidity of the dust scrutdimpior and increasing the amount of Ngas

liberated and collected in the N@bsorber and condenser.

The reaction between sugar and nitrates is an exothermic one, releasing extra energy as heat.
This manifests as an increase in calciner tube expan3ibe extra gases released from these
reactions also help to break up the calcine, increasing the proportion of small particles created
in the calciner (Brace, 2005c). This increases the dust carryover to the dust scrubber,
increasing the chance of bl@ages occurring.

o
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Figure 2.187 Graph showing the effects of sugar concentration on the carryover of
ruthenium to the off-gas systen(Brace, 2006d)

The reduction in ruthenium present in the DSRYV is due to the reduction in ruthenium
volatility as more sugar is addéigure 2.8). This, however, reach@sminimumat 2409
sugar per kg waste oxidBrace, 2006d) Above this sugar addition, the amount of ruthenium
in the DSRV begins to increase. This can be attributed to the inimedisst carryover

caused by the exothermic reaction between sugar and nitric acid. This results in a larger
proportion of fines being produced in tb&ciner, which isnore easily carried over to the
dust scrubber.

39



2.5.6 Dust scrubber solids composin

Filtration of dust scrubber liquor (DSL) samples, and subsequent EDX analysis of the solids
showed that there are 4 distinct sample morphologies present within DSL solids (Morris and
Haig, 2010). One of these comprised mainly of silicon, which eaatthibuted to carryover

of small glass particles from the melter to the dust scrubber. The segima was

comprised mainly of zirconium and molybdenymmobably in the form of zirconium

molybdate. This is known as a major cause of blockages withidust scrubber. The third
region analysed contained high levels of barium and ruthenium, and the final morphology was

comprised mainly of ruthenium.

Blend and Magnox calcine samples were alsdissolved during the same study and filtered

to collect he insoluble material (Morris and Haig, 2010). In both cases, the major component
of the sample was zirconium, with much lower levels of molybdenum and ruthenium than
seen in the DSL samples. This suggests that zirconium exists mainlyas Zif@oniumn
phosphate in the calcine. The formation of zirconium molybdate therefore most likely takes
place in solution in the dust scrubber, although it is possible it is formed in the calciner, gets
preferentially broken down into small particles and transfedke dust scrubber through

the offgas.

Calcination work carried out by Short (2005) at PNNL showed there are several fiypeite
phases present within the calcine, belonging to the&fnspace group. These same phases
have been seen in calcine dissolution work, where XRD analysis was cattriaa milled

and undissolved calcine samples (Short, 2006). This showed that one of the fluorite type
phases in the calcine was insoluble in nitric acid. EDS analysis on this material showed it to
have a high level of zirconium present in the samplassible structures of this type include
SmysZr0s01.7sand ZeGdO7 (Short, 2005).

On the addition of lithium nitrate to the HAL, there are 2 additional phases which can be seen

using XRD analysis that are not present when the sammfithium free (8ort, 2005) and a

different phase related to the fluorite structure. The related plhaskee samefluorite-type

structurepbut the 2d values were shifted to | ower sc

accommodate a large variety of elements| igrtherefore likely to form as a complex oxide.

The first additional phase which arises is also a fluorite related structure, but belongs to the
Pm:3m space group. The other additional phase is that of CsLiMdkls has been
identified in previous sitdies (Morgan et al., 2004) as being present as part of yphase

formation in the vitrified product.
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Previous studies on HAL simulant aging (Sarsfield et al., 2004) have shown that there is no
significant change in composition of the simulant wherdageé0°C both with and without
agitation. The only major change in composition is the conversion of CPM to ZMH. The rate
of this conversion increases at low acidity, low fission product concentration and increased
agitation. Increase agitation alsaisas CPM to dagglomerate, reducing the particle size.

This allows better suspension of the CPM in the HAL, although on formation of ZMH the
particles fall out of suspension and anech more difficult to resuspend.

2.5.7VTR campaigns 4 and 5

During VTR campaign 4A, the effects of feed rate, waste oxide concentration, acidity,
temperature and sugar concentration on the response of the calchgas sjfstem and
calcine properties were monitored. The following observations were made (Bi@6e; 2
Brace, 2006b):

1 Increasing the acidity of the HAL increases the volatility of ruthenium in the calciner
to the offgas system.

1 Increasing the waste oxide concentration and feed rate of HAL to the calciner had no
significant effect on calcinproperties and calciner or effas performance (other
than the higher set points required to keep the evaporative front at the zone 2/3
interface).

1 Increasing the zone 3 and 4 temperatures C@@duced the residual nitrate present
in the calcine by appximately 7%.

1 The effect of sugar on the reduction of the volatility of ruthenium was dependant on
the nitrate concentration in the HAL. The optimum concentration was found to be

between 4 and 5& of sugar per mole of nitrate.

The condition of the table bar was also found to be influential in the amount of dust carried
over to the dust scrubber. When the rabble bar was deformed, a significant increase in fine
calcine particles was produced, increasing the amount of dust carryover. It was therefore
found to be important to monitor the condition of the rabble bar more closely in future trials

to reduce the probability of blockages forming in thega§ system.
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As part of VTR campaign 5, the effects of the addition of lithium nitrate to the Wik
monitored. This was done using both magnox and blended simulants. Lithium nitrate was
dosed into the HAL based on havin§d) 1% and 2% of the lithia present in the final glass
product contained within the simulant. In all 3 cases, the amouluisbtarryover was

reduced as the amount of lithium nitrate added was increased (Vickers, 2006b). This is
because lithium nitrate will be present as a molten salt in the calciner and has a high
decomposition temperature, so helps to bind the calcinentrget

In VTR campaign 5, substituting blended simulants for magnox simulants reduced the amount
of dust carryover and ruthenium carryover to thegaf system. This was despite only small
changes in residual nitrate and the particle size distributiothe eésultant calcines (Vickers,
2006¢).

It was noted that when comparing results from VTR campaign 4B and campaign 5, there was
a decrease in ruthenium carryover despite the amount of dust carryover increasing. The only
major difference between theals was the difference in zone 3 and 4 temperatures. It was
postulated that an increase in temperature had reduced the amount of nitrate present in the
HAL, reducing the number of oxidising species present in the calciner (Vickers, 2006c¢). This
would reduce the amount of the volatile Riugpecies being produced and therefore lower the
carryover to the offjas system. Zone 1 and 2 temperature set points seemed to have little
effect on the ruthenium carryover (Vickers, 2006a). This is probably due bmilng of

water keeping the temperature constant, just moving the evaporative front toward the top end
of the calciner.

Experiments have been run on the VTR udioth magnox and blended simulants, with and
without the addition of lithium.The dust cayover from an individual experiment can be
calculated (Equation 1) so a comparison can be drawis allows factors which affect the
dust carryeer to be identified. Table 2gives a brief overview of the effects of calciner
temperature, HAL feed type, feed rate, waste oxide concentration, sugar : nitrate ratio and

lithium addition on the dust carryover from experiments carried out on the VTR.

- Rt/V

C:MD +%0' MD
R C R

|- 801

Equationl: Dust Scrubber Solids Build Up (Brace, 2006c)
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Where:

c is the concentration of solids in the dust scrubber liquor at timd t, g
Mp is the rate at which solids are abated in the dust scrubbbr(rmpte: if the DS i400
% efficient then this is equal to the dust carryover, i#®6fficient 0.9 x dust carryover
etc.)
1 Risthe dust scrubber recycle ratehl
1 cois the concentration of solids in the dust scrubber liquor at time 0lh, g
1 Vs the volume of dust scrbbr liquor, |
1 tisthe elapsed time, h
Equation 1does notake into account the efficiency of the dust scrubber (some particles may
not be removed in the dust scrubber and make it to the condenser, therefore not contributing
to the total solids) or if #re are any blockages in the dust scrubber inlet preventing the dust
getting to the dust scrubber. The Malues are a useful tool for assessing dust carryover, but
are not absolute values. Any anomalies in these values can be investigated, however, by

visual inspections for blockages and analysis of the condenser liquor.
2.5.8 The effects of temperature, waste oxide concentration and acidity

Experimental work carried out by Brace (8a) compared the solubility of Agnox calcines
with a 75% / 25 % oxide/Magnox blend under dust scrubber conditions. The resulgsof t
work showed that blend anddgnox calcines have different solubility characteristics.
Magnox calcines display a maximum solubility in nitric acid in the rang®&5 where as
Blend cdcine solubility increases with increasing acidity up tdvLOBlend calcines are also
significantly less solubledue to the higher concentration of zirconium and molybdenum
present in the simulant. A reduction of temperature, carried out in thesenexmtsr{Brace,
2005a), dichot result in any significant reduction in solubility of both calcines.

Other factors which affect the solubility of the calcines in nitric acid are the waste oxide
concentration and the dissolution érBrace, 2005a). The higher the waste oxide
concentration, the greater the amount of insoluble material is present, reducing the solubility
of the calcine. Other species, which are soluble at lower incorporation rates, may also have
reached their solulity limits contributing to the increase in insoluble fraction. Dissolution
time also affects the solubility of the calcine. The greater the dissolution time, the more
insoluble material precipitates from the solution. This can be explained by theidorofa
insoluble species through reactions in the solution. As the dust scrubber has a reservoir of
dissolved calcine, the fraction of insoluble material will build and eventually lead to

blockages within the offjas system.
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Table 2.71 Factors which affect dust carryover to the offgas system on the VTR (Short, 2005b; Vickers, 2006a; Vickers, 2006c)

Calciner Temperature (°C)
Campaign/ | Lithium _
Experiment | Feed Type Feed Rate Zone 1| Zone 2| Zone 3| Zone 4 SugarNi Addition Waste Oxide Mb
Number (17h) trate @/ Conc (g /1)

C5E2/1 Magnox 42.46 770 770 680 680 4.9 0 184.65 157.5
C5 E2/2 Magnox 42.46 830 830 680 680 4.9 0 184.65 154.1
C5E3 Magnox 42.46 800 800 680 680 4.9 0 184.65 221.9
C5 E4/1 Magnox 42.46 800 800 680 680 3.5 0 184.65 305.9
C5 E4/2 Magnox 42.46 800 800 680 680 6.5 0 184.65 307.1
C5E5 Magnox 45.80 800 800 680 680 4.9 6.1 171.2 130.8
C5EG6 Magnox 49.15 800 800 680 680 4.9 11.4 159.5 47.1
C5E19 Blend 39.67 800 800 703 703 4.9 0 197.6 162.0
C5 E20 Blend 43.01 800 800 703 703 4.9 6.5 182.3 69.0
C4BE Blend 49.85 800 800 735 735 4.9 11.2 169.7 88.1
C6 E1l Dil. Blend | 60.3 870 870 685 685 4.9 0 130 188.6
C6 E2 Dil. Blend | 63.6 880 880 685 685 4.9 0 110 160.6
C6 E3 Dil. Blend | 69.0 910 910 685 685 4.9 0 90 1514
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Owens et al. (199%arried out a series of experiments in which a series of HAL simulants

were calcined in a muffle furnace at temperatures ofG0@00°C and 500C. The

purposes of these experiments were to monitorasidual nitrate and ruthenium retention as

a function of temperature, lithium addition and sucrose addition. During these experiments it
was found that residual nitrate decreases with increasing temperature and sucrose addition and
increases with the adibn of lithium nitrate. By comparing the residual nitrate in samples

with lithium addition to those without, it was shown that some of the lithium nitrate had

reacted at 30€C.

During this work (Owens et al., 19880me of the calcined HAL samplegre subjected to

DTA analysis. It was reported that when no lithium was present in the sample, a single peak
was observed at 40C due to the evolution of NO Upon the addition of lithium nitrate, 2
further peaks were reported at temperatures oP@@thd 500C, which were considered to

be characteristic of the presence of lithium.
2.6 Chapter Summary

Over the past 50 years, there have been numerous methods devised to encapsulate high level

liquid waste (HLLW) from reprocessing. The AVM method @snd to be the most

suitable, and was adopted at the Sildfsite with the building of threwaste vitrification

pl ants (WVPG&6s) . This method involves passing
(calciner) and encapsulating the waste in a borasdiglass, in a continuous process. This

gives the best combination of properties such as durability, high waste loading and radiation

stability at a relatively low cost.

Although the AVM process is the best method for waste vitrification, there are some
problems which arise, which force the sdoiwvn of the WVP plants. The most common of
these are blockages which arise in the dust scrubber and recycle constant volume feeder
(RCVF). These blockages arise due to the formation of insoluble precipitate®s

zirconium molybdate and ruthenium dioxide. By understanding the chemistry behind the
formation of these precipitates, and of the highly active liquor (HAL) and dust scrubber liquor
(DSL), it may be possible to reduce or control the amount of bdgskerhich occur on the

WVP lines.
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Lithium nitrate has a significant effect on the properties of the calcine, and reduces the
amount of carrover to the dust scrubber. This has helped to reduce the number of blockages
which occur on the WVP plant, bthe reasons for this are not fully understood. As lithium
nitrate will exist as a molten salt in the calciner, it could be simply binding the calcine
together, reducing the amount of dust released to the dust scrubber. An investigation in the
reactivity of lithium nitrate could allow an understanding of how the chemistry in the calciner
can be manipulated to reduce the number of blockages which occur, increasing the efficiency
of the WVP plants.

3. Experimental Methods

3.1 Introduction

If lithium nitrate is added to the simulated highly active liquor (HAL) processed on the VTR,

a reduction in the amount of refractory oxides, high in aluminium and iron, is observed in the
resulting product glass. A series ofdsdnle experiments were thereforeigeed to

determine the reactivity of lithium nitrate with other metal nitrates present in the HAL. These
were carried out under conditions designed to simulate those experienced in the calciner, and
the reaction mixtures (Table 3.2) based on the stoichgrof Magnox HAL simulant used

on the vitrification test rig (VTR).

As identification of the lithium containing phases is very difficala large scale muiti
component system, the reactiaidithium with other species wesdso investigated. The
possible reactions of lithium nitrate with aluminium nitrate, iron nitrate, zirconyl nitrate and
caesium phosphomolybdate (CPM) were investigated. A systematic approach was taken
when designing these reactions, to ensure the effects of lithium on thensactilld be

monitored.

The experimental approach consisted of first reacting lithium nitrate withtibe ot

compounds individually to determiiifeany reactions were observed. Reactions between the
other HAL simulant components were then carried dthiout the presence of lithium nitrate,
with lithium nitrate and with an equivalent amount of nitrate added through addition of excess
nitric acid. This wa to determine whether the additionéfate was responsible for any of

the reactions which took gte, rather than the lithium cation. By carrying out reactions with
and without the presence of lithium nitrate, the role of lithium in the calciner could be better
understood. This research on simplified HAL simulants has allowed identification of some

reaction products which may form in the calcination process.
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3.2Materials

The materials shown in Table 3.1 were used in this project. All materials were used as

received without any further purification.

Table 3.17 Materials used in sample preparation

Chemical Purity (%) Supplier
LINO3 >98 Fisher Scientific
AI(NO3)3.9H,0 98 Alfa Aesar
Mg(NQO:s).2.6H.0O >99 Acros Organics
Fe(NQ)s.9H,0 98-101 Alfa Aesar
ZrO(NOs)2 (161g/) N/A Alfa Aesar
H3PMo012040 N/A Alfa Aesar
Cr(NGs)3.9H,0 98.5 Alfa Aesar
Nitric Acid (16M) N/A Fisher Scientific
Sucrose N/A

3.3Sample preparation

All of the simplified HAL simulantsvere made using the same method, using the chemicals
and quantities listed in Table 3.2. Quantities of reagents shown in Table 3.2 were place in a
100 ml container. Water and nitric acid were added and the mixture was shaken thoroughly
until a homogenags solution was formed. Samples were left overnight to allow any
reactions to occur. Sugar solution was added and the mixture shaken thoroughly for 30 s to

ensure homogeneityThe samples were stored at room temperature for further treatment.
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Table 3.2: Sample Preparation Table*

Sample An_hydrous Alur_ninium Magnesium I_ron Chr_omium Phosph_e Zirponyl Nitrjc Sug_ar
Name Ll'ghlum Nitrate Nitrate Nitrate Nitrate molypdlc Nitrate Acid Solution Water
Nitrate Nonahydrate | Hexahydrate| Nonahydrate | Nonahydrate Acid (161 g/l)| (16M) | (200g/1)

LAN1 1.739¢g 74819 - - - - - 4588g| 3.349g | 36.192¢g
LMN1 1.885¢g - 7.335¢ - - - 4588g| 3.339g | 36.192¢g
LIN1 3.171¢g - - 6.049 g - - - 45889g| 3.494g | 36.192¢g
LPN1 2.711¢g - - - - 6.509 g - 45889g| 2.230g | 36.192¢g
LZN1 6.824 g - - - - - 14.8759g | 4588g| 4.199g | 23.713¢g
AMN1 - 4.841 ¢ 4.379¢g - - - - 4588g| 3.053g | 36.192¢g
AIN1 - 6.387 g - 2.833 g - - - 4588g| 3.033g | 36.192¢g
MIN1 - - 6.187 g 3.033 g - - - 45889g| 3.001g | 36.192¢g
PZN1 - - - - - 8.044 g 7.307g | 4588g| 1517g | 30.061g
LAMN1 1.003 g 43159 3.903 g - - - - 4588g| 3.214g | 36.192g
LAIN1 1.279¢g 5.502 g - 2.440 ¢ - - - 4588g| 3.2449g | 36.192g
LMIN1 1.356 g - 5.726 g 2.587 g - - - 45889g| 3.312g | 36.192¢g
LPZN1 2.457 g - - - - 5.899 g 53579 | 45889 | 2.323g | 31.697¢g
AMN2 - 4.315¢ 3.903¢g - - - - 5.936g| 3.214g | 36.192¢g
AIN2 - 5.502 g - 2.440 ¢ - - - 6.307g| 3.2449g | 36.192¢g
MIN2 - - 5.726 g 2.587 g - - - 6.411g| 3.312g | 36.192g
PZN2 - - - - - 5.899 g 53579 | 7.891g| 2.323g | 31.697¢g
LAMCN1 0.959 g 4.126 g 3.731 ¢ - 0.401 g - - 45889g| 3.202g | 36.192¢g
AMCN2 - 4.126 g 3.731¢g - 0.401 g - - 5.877g| 3.202g | 36.192g
AMCN1 - 4.607 g 4.167 g - 0.448 g - - 4588g| 3.048g | 36.192¢g

* ChemicalStoicheometries represent those found in Magnox HAL simulant, with sugar added at 4.3 / [NO

All values weighedvithin an error of +0.008
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Table 3.3: Molar ratios of elements

Sample Molar Ratios of Elements Present in the Sanlp
Name Li Al Mg Fe Cr P Mo Zr C
LAN1 1.3 1.0 - - - - - - 0.5
LMN1 1.0 - 1.0 - - - - - 0.4
LIN1 3.1 - - 1.0 - - - - 0.7
LPN1 1.0 - - - - 0.1 1.1 - 0.2
LZN1 15 - - - - - - 1.0 0.2
AMN1 - 1.0 1.3 - - - - - 0.7
AIN1 - 2.4 - 1.0 - - - - 1.3
MIN1 - - 3.2 1.0 - - - - 1.2
PZN1 - - - - - 0.1 1.7 1.0 0.1
LAMN1 1.3 1.0 1.3 - - - - - 0.8
LAIN1 1.3 1.0 - 0.4 - - - - 0.6
LMIN1 3.1 - 3.2 1.0 - - - - 1.5
LPZN1 15 - - - - 0.1 1.7 1.0 0.3
AMN2 - 1.0 1.3 - - - - - 0.8
AIN2 - 2.4 - 1.0 - - - - 1.6
MIN2 - - 3.2 1.0 - - - - 15
PZN2 - - - - - 0.1 1.7 1.0 0.3
LAMCN1 1.3 1.0 1.3 - 0.1 - - - 0.9
AMCN2 - 1.0 1.3 - 0.1 - - - 0.9
AMCN1 - 1.0 1.3 - 0.1 - - - 0.7
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3.3.1 Calcination

30 ml of eachsimplified HAL simulantwas transferred to a porcelain crucible using a pipette.
The crucibles were placed in a furnace at room temperature and subjected to the following

heat cycle (Figure 3.1) to replicate the conditions which would be experienced in the calciner:

1. Increasehe temp at 5C / min to 110°C and dwell for 20 minutes to simulate the
evaporation conditions (Zones 1 and 2) in the calciner.

2. Increase temp to 25 at 5°C / min and dwell for 20 minutes to prevent loaming of
the nitrates.

3. Increase temp to 35C at 5°C / min and dwell for 20 minutes to simulate
temperatures experienced by the calcine in the denitration process (Zones 3 and 4) in
the calciner.

4. Decrease temp to 12Q and dwell to preclude any deliquescence until sample was

collected.

400 -
350 4
300 4
250 4

200 -

Temperature (0C)

150 4

100 +

50 q

0 20 40 60 80 100 120 140 160
Time (mins)

Fig 3.17 Temperature profile of calcination at 350°C

The crucibles were removed from the furnace and allowed to cool to room temperature. The
resultant solid was transferred to a sample jar and placed in a dessicator ready for further
analysis. The process wapeated twice more, with fresh combined solution samples, taking
the furnace up to 45 and 550C respectively in heat cycle part 3, leaving everything else

unchanged.
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3.3.2 Freeze Drying

Freeze drying, or lyophilisation, is the process of rengwater from a frozen material by
sublimation. This is achieved by reducing the pressure under vadlowing the solid ice
phase to be converted directly to vapimown in Figure 3.2). This leaves behind a solid
productwith the same characteristics as the original product if water was added without any
decomposition taking place.
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Figure 3.2i Phase diagram of Wate?

The purpose of freeze dryigto produce a solid product without thermally decomposing the
species present within the samples. This allows solid state analysis to be carried out on the
samples and gives a starting point to determine which reactions take place in solution and

whichtake place under calcination conditions.

There ar@awo main stages to freeze drying; the first is freezing of the sample. This was done
by adding the chosen solution (as prepared in section 3.2) dropwise into liquid nitrogen using
a Pasteur pipett&he resultant frozen pellets were placed in suitablelAbide neck flasks

using a spoon headed spatulehe flasks were attached to a Christ AlpHALD plus freeze

dryer using the rubber attachments around the acrylic chamber (shown in Figufé&.3).

freeze dryer was then turned on and the main drying stage started.

5> Adapted from http://www.laetusinpraesens.org.
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Figure 3.37 Photo of Christ Alpha 1-2LD plus freeze dryer

The freeze dryer was set to main drying mode and the ice condenser temperature and pressure
were monitored on the display.ypical pressures of 0.0fbar were reached equating to an

ice condenser temperature of appr#&°C. The samples were left for 24 hours to dry

completing the main drying stag@nce the samples were dried the vacuum was released

from the freeze dryemal the flasks removed from the rubber attachments. The solids were
collected in a suitable container and were stored for either furfagitreatment (see section

3.3.3) or analysis.
3.3.3 Calcination of freeze dried samples

Further calcination was a&d out on a selection of the freeze dried samples to replicate the

residence time experienced in the calciner on the VTR, as this could not be achieved using the
calcination method outlined in section 3.2.1 due to the ramp up period required to emsure th
liquid didnét boil over. This was done by pre
temperature. Approx & of the freeze dried sample was then placed in a porcelain crucible

and placed in the preheated furnace for a set period of time (betwednld minutes). The

sample was then removed and allowed to cool to room temperature before being placed in a

suitable container and stored awaiting analysis.
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3.4 Sample nomenclature

As there were many samples, an identification system was introducegkinfor them to be
dinstinguishable when comparing results. Each chemical added was given a symbol to

represent its presence in the sample. These symbols are shown in Table 3.4.

Table 3.41 Sample Naming System

Symbol Meaning
L Contains LithiumNitrate
A Contains Aluminium Nitrate
M Contains Magnesium Nitrate

Contains Iron Nitrate

C Contains Chromium Nitrate

P Contains Phosphomolybdic Acid

z Contains Zirconyl Nitrate

N1 Contains Standard Nitrate

N2 Contains Added Nitrate
-XXX Calcination Temperature ¢

For examplea sample containing lithium nitrate, magnesium nitrate and iron nitrate with a
standard amount of nitric acid added and a calcination temperature % 8@fld be called
LMIN1-500. The samples are nansztordingly in Table 3.2Z'lhe sample LMIN1500

which has been heated for 24 hours in the furnace would be called EBOI24h. If heat
treated for 30 minutes the sample would be LMBOD-30m.
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3.5 Scanning electron microscopy

Scanning electron microgpy (SEM) operates on the same principles as optical microscopy,
using lenses to magnify the image of a object. However in SEM magnetic fields are used as
lenses to focus a beam of electrons on to the surface of the sample rather than using curved
glass énses to focus lightThese electrons are scattefiein the object and focussed to form

an image through digital cgersion. Electrons have a much shorter wavelength than light,
and so higher resolutions can be achieved (as resolution is a functheveadelength).
Improvements in resolution of SEM over optical microscopy can be ug torigs. Egerton
(2005) provides an in depth overview of the principles of SEM.
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Figure 347 Schematic Diagram of an SEM
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A scanning electron microscope (SEM) with enedigpersive Xray spectroscopy (EDS)
capability was used to deterine the chemical composition of the samples. EDS operates on
the principle of a primary electron from the SEM beam knocking an electrontieinrter

shell of an atom, within the sample, out of its orbit. This leaves the atom in an excited state,
and causes an electron from an outer shell to move to fill the core hole and reduce the overall
energy of the system. This transition produces aayphotonwith an energy proportional

to the energy gap beeen the two shells (Figure53.which is distinctive to that element.

The X-rays produced are captured and processed by a detector and can therefore be used to
identify the elements present imetsample.

Primary
electron

X-ray

Electron from
L-shell fills
gap in Kshell

K-shell
electron

Primary
electron

Figure 3571 Schematic diagram of electron movement during EDS spectroscopy

Samples for ED@nalysis were prepared by grinding to a fine powder using a porcel
mortar and pestle, and spinkling a small amount on a sticky carbon tab. The tab was then
placed on a carbon stub to reduce sample charging, and placed under high vacuum in the
microscope chamber. An electron accelerating voltage of 10 kV was uskdhensamples,

with a working distance set to 35 mm and a
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Figure 3.6 Diagram showing the interaction volume of the SEM

Electron beam with the sample (Goodhew et al, 2001)

Due to the interaction volume of the electrons with grage when using EDS, more than

one phase may contribute to the detected signal. The measurement of more than one phase
could give rise to multiple peaks, suggesting a reaction has occurred, contradicting the XRD
data. When using EDS data to identifyaté@an products, the interaction volume was taken

into account. A comparison to the XRD data was made where possible.

The use of SEM (EDS analysis) had limitations, as elements with Z < 10 were not represented
accurately. This is due to the berylliunmadows in the EDS spectrophotometehich

absorb the characteristicrdys from elements with Z < 10, not allowing them to reach the
detector. Thus, peaks showing lithium, oxygen and nitrogen contained in the samples were
not taken into account. The abserof any distinct peaks in this analysis may suggest lithium
nitrate is present in the sample, as all the elements have Z < 10 so would not be detected in

the analysis.
3.6 X-ray diffraction

X-ray Diffraction (XRD) is used to identify crystalline composry measuring the counts

ofXrays di ffracted at an angle of 2d in accorda
n & = 2 d sin d
where n is an integer, & is wavelength, d is t

beam. This isl®own schematically in Figer37. An x-ray source of known wavelength is

used, so the diffraction angle (d) is dependan
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Figure 3.77 Schematic of Xray Diffraction

In mostpowder xr ay di ffractometers, thenmmple is rot:
perpendicular to the direction of the-bay beam, whe the Xray source remains fixedThe

detector moves awvice the speed of the samplaf(Z min), in order to keep thengle of

incidence and diffraction the same, and measures the counts caused by diffraction-of the X

ray beam. This allows a range of 2d values to
The detector and the source are equidistant from the sankgepdhe beam in focus. This

ensures minimum peak broadening occurs. Cullity and Stock (2001) provide a more in depth

overview of the principles of XRD.

The sample was powdered to ensure the orientation of the lattice planes was random. When
the diffraction conditions are satisfied, a peak of a distinctive intensity is recorded by the
detector. This peak can be matched to reference diffraction patterns for standardised
materials recorded in the International Centre for Diffraction Data (ICDD) da&tabas

For samples containing iron a Siemens D5000 diffractometer with a cobalt source was used to

avoid fluorescence. The samples were prepared by grinding down to a fine powder using an

agate mortar and pestle, and loading the powder into an aluminium seagpld@te sample

was smoothed over using a microscope slide to ensure the top layer was flat and positioned at

the correct sample height. The sample was loaded into the diffractometer and scanned using

Co KU radiation usandaganrang speed gf 0% mirzoger thefrange. 0 5

of 10°to 80°2 d . The resulting patterns were peak mai

using the Stoe-xay diffraction analysis software WinXPOW.
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A Stoe diffractometer was used for all samples not cantginon. These samples were

prepared by grinding to a fine powder using an agate mortar and pestle, and placing a thin

layer on sticky tape mounted in a sample holder. This was then placed in a sample changer,

which loaded the samples into the machinlhe s ampl es were scanned uUusi |
using a step size of 0.03and a scanning speed of @/3nin over the range of @to 130°

2d. The resulting patterns were again peak ma
WIinXPOW.

3.7Thermogravimetric analysis

Thermogravimetry allows a sample to be simultaneously weighed while being heated or
cooled in a controlled manner (Gabb@®@07). The sample wglaced on a thermobalance,

which was suspended within a furnace, and subjected to amitraiggen atmosphere. The

sample wa heated at a constant rate, and the weight of the sample recorded every second. A
weight vs temperature graph is plotted, which shows the @frigenperatures at which gases
were evolved from te sample. From this goh, it was possible to determine decompaosition
temperatures of materials atntify the temperature range over which reactions occur

which involve the evolution of gases. Gabbott (2007) provides an overview of the principles

and applications of thermahalysis.

Thermogravimetric analysis (TGA) was performed on all of the samples using a Mettler
Toledo TGA/SDTA851 Module, calibrated using zinc (melting point 4193 and

aluminium (melting point 660.%C) standards and the analysis software ST3ysten

version 8.1x. The samples were ground to a fine powder using a porcelain mortar and pestle,
and approximately 30 mg was placed in an alumina crucible and the weight of the sample
recorded to = 0.0000%. The samples were heated &5 min over thedmperature range

30°C to 100°C. The weight was recorded once every second. All measurements took

place under a nitrogen atmosphere, with a nitrogen flow through the furnace of 50 ml / min.
3.87Li Magic Angle Spinning Nuclear Magnetic Resonanc&pectroscopy

Nuclear magnetic resonance (NMR) spectroscopy measures the energy levels of nuclear

spins, using E = hs3a (where h iimsthepPresantecokads const
strong magnetic field. The nuclear spins experience a sfneagnetic interactions, which

are dependent on the orientation of the molecules to the magneticdsity NMR, these

interactions can be characterised to obtain information about the electronic environment of the
observed nuclgWong, 2001)in thiscase'Li.
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There are three major interactions which occur in ssitide NMR experiments on the nuclei

of alkali metals denoted by the following Hamiltonigi/ong, 2001)
H=HzT Hcs- HQ

Themain interactions between the nuclear magnetic momgntand the external magnetic
field (Bo), known as the Zeeman interactid#y), shown by the following Hamiltonian:

Hz = -|J..Bo

The electron cloud surrounding the nucleus generates a secondary magnetic fieldgchangi
the external field at the nucleus, known as chemical shieldigg).(AThis can be expressed as

the Hamiltonian:
Hes= OO0, 0. B

whered i s the chemical s-imendiodainforenatisncofthe pr ovi di ng |
shielding of the nucleusAs the magnetic field may not be symmetrical, this leads to the

possibility of differing chemical shifts arising depending on the directionality of these fields.

This leads to line broadening and asymmetry in the-stdite NMR spectra, known as

chemicalshift anisotropy (CSA), shown in Figure 3.8.

8= 81 3
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Figure 3.81 The possibleeffects of CSA orsolid-state NMR spectra (Wong, 2001)

The quadrupolar interaction garises due tthe asymmetrical charge distributiessociated
with nuclei with a nuclear spim %2. It is a measure of the interaction between the electric

field gradient and the nuclear quadrupole monte€) and can be expressed as:

_ eQJVv.J
° 6J(2I-1)
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wherelis the nuclear spin angular momentum and V is the electric field gradient tensor. All
of these interactions contribute to the effective interaction felt at the nuédeagable
literature Duer, 2008 provides futher information on these interactiand their effects on

the NMR spectra produced.

The chemical shift of an NMR signal depends on the molecular orientatiloe tirection of
the magnetic field (B. Since molecules can change position, conformation, etc. over time,
the NMR signal islependent on how fast those changes occur relative to the NMR timescale
(Spano, 2011) Small molecule#n solution exhibit rotational correlation times in the order of
nanceconds, which motionally averaget the anisotropic interactions. The resulting
spedra, thereforeontain peaks at the isotropic frequency positions for the different sites in
the moleculéSpano, 2011)In contrast, solistate NMR experiments focus on sample
systems with restricted molecular motjisach that on the NMR timescale aade number of
orientations are simultaneously presenthis results in spectra exhibiting broad feasure
which consist of a superposition of signals from diffeentations While these spectra

can provide a wealth of information, they lack the-sfiecific resolution necessary for
operations like structural characterizat{@pano, 2011) To obtain high resolution spectra in
solid-state NMR, a coherent averaging of the anisotropic frequeviei@sechanical rotation,

magicanglespinnirg (MAS), is employed (Figure 3.9
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Figure 3.97 Depiction of the MAS process where (A) showthe zcomponents of spin
angular momentumsaligned in random directionswithout MAS and (B) shows the
average orienation of the spins(shown by the singlearrow) using the MAS technique
(Spano, 2011)
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MAS is usedo cancel out the contributions of the anisotropic interactions to the spectra.

This works by aligning the sample at 54°fdom the direction of the magnetic fielathich

reduces the# C o s @5(3cosb-1) value to zerpand rotating the sample at high frequency.
This removes the orientation dependence of the nuclear spins, thus cancelling the anisotropic
contribution(Spano, 2011) effectively aligning the spins alortige magic angle axis (Figure

3.9). This reduceshespectradown to peaks at the isotropic frequency positions for the
different sites in the moleculduer (2004) provides a comprehensive guide to sitdite

NMR techniques.

Li MAS NMR spectroscopy was performed usingaian VNMRS spectromet@perating
atLarmorfrequency of 155.4MHz. All chemcal shifts wergeferenced td M LiCl (aq) by
setting the signal ofiLC| t o Urhessolidsampfeswere ground to a fine powder and
packed into a 4nm MAS rotorspinning at 14 kHz. The simplified HAL simulant samples

had a full spectral width of 40.32 kHz, with an acquisition time of 100 ms and a relaxation
delay of 5 seconds was arsed between scans. For the full HAL simulant samples, a spectral
width of 208.3 kHawvith an acquisition time of 30 ms and a relaxation delay of 1 second
between scansas utilised Single pulse excition with a pulse width of 0.1 pus was used for

all experiments.
3.9Helium Pycnometry

Helium pycnometryvorks by detecting the pressure change caused by gas displacement due
to the presence of a solid sample. Helium is used as the gas as it is inert and small in size,

therefore able to penetrate into sample poFégure 3.10shows a schematic of the heti

pycnometer.
Ps Pr
C——1 C———1
8 L = o
Cell Volume, V¢ Reference Volume, Vr

Sample Volume, Vs

Figure 3107 Schematic diagram of the helium pycnomete(Kolodziejczyk, 2013)
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An unknown volume of a solid sampés) is placed inside a cell of known volur(}é.) and
the cell is pressurised to a known va{Rg. An isolated referenceell, of known volume
(V)), is also charged to a known press{i#g. Once pressurised, a valve between the two
cells is opened and the system pres§ibg@ goes to equilibrium. Using the ideal gas law,
PV = nRT ,the volume of the solid sample can laécalated usinghe following sequence of
equationgKolodziejczyk, 2013; Aligizaki, 2006

Under the initial conditions, where the sample cell is isolated form the reference cell, the gas
law can be expressed as:

Pc(vc B Vs) +BV, =nRT

whereP is thepressure of the gas, V is the volume of the gas,number of moles, T is
temperature of the gas and R is the molar gas conslembpening the valve between the

sample and reference cells, the conditions become:

PV +V, - V) =nRT

Which can bexpressed as:
Psys(\/c +Vr - Vs) = Pc(\/c - Vs) + PrVr
The unknown value of Mtan be obtained through rearrangement to:

vV :(Psys\/c+Psys\/r - Pch_ I:>r\/r)
R)

S (PS

yS

As the sample weight is known, the density of the sample can therefore be calculated using

the sample volume.

Helium pycnometry was performed using a Micrometrics AccuPyc Il 1340 pycnometer. The
samples were used as produced on the small scale calcindthrigp further treatmentThe
samples were weighed using an external mass balance (x@)80d placed in theasple

cell, filling it to approximately half of its capacityThe sample volume was pressurised to

7.00 psig at 0.005 psig / min before the cell valve was opened to the reference chamber. The
measured density in this work was averaged after 10 p(ugsssto clean the sample cell and

remove any volatile contaminantsjlowed by 10 sample runs.
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4. Introduction to the Small Scale Calciner
Rig
4.1 INTRODUCTION

The small scale calciner rig is a piece of reseagthipment which was designed to bridge the gap
between lab scale and full scale calcination experiments. It consists of two main sections, a rotary
tube furnace and an effas system. HAL simulant and sugar solution are simultaneously fed into the
calcirer, where evaporation and denitration processes occur, and the resultant calcine product is
collected in a glass pot sealed to the lower end fitting. The system is kept under depression by a fan
which pulls the mix of air, bD, HNG;, NOy and dust createid the calciner through the effas

system, where the vapours are condensed and the dust dissolved / suspended in the scrubber. This
was designed to mimic the processes which occur in the full scale process. It is not, however, a scale
model of the VTR ad WVP plants. It was bought and designed to achieve the following objectives
(Brace, 2003):

1 To develop a greater understanding of the calcination process and investigate the chemistry
surrounding fundamental plant issues such as the formation of zinconolybdate.

1 To provide sufficient technical understanding at lab and small scale to reduce, where possible,
the duration and therefore cost of the VTR campaigns.

1 To enable R&T to make recommendations to plant earlier than currently envisaged from the

VTR without a calcination programme.
The key differences between the small scale calciner and the VTR include:

1 The rotary furnace on the small scale calciner has 3 heated zones as opposed to the 4 on the
VTR.

The calciner tube is approximately a thirdtloé size of the full scale tube.
The waste oxide throughput on the small scale calciner is usually betweemy B&g& a
feed rate of 2/ h) and 737.@)/ h (at a feed rate of 4 h) compared to the VTR waste oxide
throughput, which is typically rage of 610kg/ h, depending on feed concentration and rate.
1 The offgas system on the small scale calciner uses a vortex scrubber, which acts as the dust

scrubber and condenser as opposed to the impingement baffle plate column used on the VTR.
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Figure 4.17 Photos showing the layout of the Small Scale Calciner Rig
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The small scale calciner is therefore not thought to be suitable to directly determine new operational
set points for the VTR, but is suitable ttentify trends which arise from changing the experimental
parameters. The fundamental chemistry is thought to be sufficiently independent of scale to allow
investigation into the objectives outlined above. To attain these objectives, there is a diegree of

built versatility, allowing the following variables to be controlled:

HAL simulant composition
HAL feed rate

Sugar addition

Calciner temperatures
Rotational speed of the tube

Angle of inclination of the tube

=A =4 =4 =4 4 -4 =4

Air in-bleed flow

The angle of the tube, speed of rotation and feed rate all influence the residence time in the calciner,
which is known to have an impact on the properties of the resultant calcine product (Short, 2012;
Brace,2009. The effects of temperature, sugar &iddiand simulant composition on calcine

propeties and amount of dust caroyer have also been well documented (Braé@g6h. However,
analysis of the density, particle size and chemical composition of the dust had not been possible in
previous studiesas there were no sample collection points before the dust scrubber, where the

majority of the dust is dissolved, on either the small scale calciner or the VTR.

The small scale calciner rig had not been used for approximately 2 years before thidbpggact
This led to a number of issues being encountered with the existing equipment. Also, the original
configuration of the rig did not allow for the capture of chestticles entrained in the effas from the
calciner, which passes to the-gfis systm. As the existing rig needed to be partially rebuilt, the
opportunity was taken to design and install a dirt trahis allowed collection of dust for further

analysis, which was not possible in historic studies.

5 The detds of the design and installation of the dirt trap and the issues encountered during this process, and
with the rig rebuild are fully discussed in Chapter 8.
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4.2 EXPERIMENTAL

Before thesmall scale calciner was operated, a series of checks were carried out to ensure the rig ran
efficiently and that safety protocols were followed. Thegaté system contains 30 litres of M2

nitric acid, so must be set to this level before the run bedihs flexible hose and pipework that

connects the calciner to the -gfs system were cleaned to minimise the chances that a blockage

would form, which would lead to the possibility of a N@lease. Cleaning the flexible hose also

ensured all the dust collected was produced from the new experiff@nbffgas flow was set to run
through the flow meter to allow this to be meaduaad all the valves in the effas system checked

to ensurehey are in the correct positions when setting up the calciner rig. Finally, the calcine

collection pot was sealed to the lower end fitting. Once these checks had been completed, the calciner

was ready for operation.

A minimum of 5 litres of the approjate HAL simulant and 2 litres of sugar solution (200) were
prepared and decanted into the designated containers where they were kept under constant agitation.
The feed pipes were immersed in these solutions and run through a pair of calibratallip@timps
connected to the calciner inlet nozzles. The dust scrubber pump and chiller unit were switched on to
circulatethe cooled liquor round the effas system and the affis fan was set to create a depression

of -13 mbarthroughout the systenThe calciner rotation speed was set tof30 and the calciner
temperatures set the appropriate values in the thieeated zones. The rig was left for +@ihs to

allow the calciner tube to reach temperature to ensure the correct calcinatioronendite created.

Once the offgas flow had been recorded, it was set tpaygs the flowmeter to improve rig

depression and reduce the risk of blockages occurring through dust being carried through the
flowmeter. The calciner was considered ready to fgad once the calciner tube expansion remained
constant for a minimum of 1@ins and the rig depression had stabilised ambar, through

adjustment of the offjas fan speed.

The HAL feed was started by turning on the peristaltic pumps which had kst po the desired

feed rate. The pumps veeleft running for a period of orfeur, after which they were stoppe

During this period, the offlas flow was diverted through the dirt trap by altering the position of the 3
way valve, allowing dust to bepllected for the full duration of the experiment. Checks were also
carried out on the rig every 1ins during this period to ensure it was running correctly. Once the
feed had been stopped, the rig was left running for 30 mins to allow all the ealdinleist produced

to make its way to the collection pot and dirt trap respectively. After this, the temperafpoatset

were adjusted to room temperature and the calciner allowed to cool for a minimum of 2 hours before
the calciner rotation, dustrutber pump, chiller and offas fan were stopped. The rig was further

cooled overnight before the calcine and dust samples were taken.
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The preweighed calcine collection pot was weighed with the calcine made during the experiment to
determine the mass pnackd. The calcine was then passed through sieves with pore sizesmof 2

and 0.5mm to split the calcine into thresize fractions (<0..nm, 0.52 mm and >2nm). Each size
fraction was weighed to determine the particle size distribution of the calaranatysed using

XRD, TGA and EDS to show if any differences in chemical composition arose as a function of
particle size.Conventional particle size analysis was not possible due to the solubility of the calcine

in agueous media.

The dust sample wallected from the dirt trap and flexible hose (shown in Figure 4.2). To remove
the dust from the dirt trap, the base plate was removed allowing the filter cartridge to slide out and be
emptied into a preveighed container. The dust collected in theiflixhose was loosened using a

pipe cleaning brush and collected in the-ywe3ghed container. The combined sample was then
weighed with this value being taken as the amount of the dust collected during the expefiinisnt

was thought to give a repredative value to allow trends to be observed, though is not the total value
of dust produced due to the hold up of dust in the apparatus which could not be collected. The value
for the mass of dust collected was normalised against the mass of calcimeegrat each

experiment to allow comparisons to be made in dust-camy as a function of calcination

conditions. The combined dust sample was analysed and compared to the calcine fractions of

different particle size.

Flexible hose

D"T trap 3 way valve

Upper end fittinfgif Calciner — ™

Figure 4.27 Photos showing theoff-gas flow path (red line) from the calciner

through the flexible hose and dirt trap where the dust samples were collected

" There would have beatust collected in the uppend fitting, 3 way valve andortion passing through the
dirt trapfilter during the small scale calciner experiments which could not be collected.
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4.3 SMALL SCALE CALCINER RIG DESIGN AND REBUILD

Blockages have been known to form in the pipework connecting the calcingreaniigas system

causing downtime on WVP. As a consequence there is an interest in discovering the composition,
particle size and density of calcine particles which are carried from the calciner to the dust scrubber
during VTR and WVP operations. Thest sampling point on the VTR in the afas system is that

of the dust scrubber liquor. As the majority of the particles are soluble in nitric acid, it is difficult to
measure the size and densities of these calcine particles. This section fochsedesigh and

rebuild of the small scale calciner rig to allow collection of dust samples from the calciner, so the size,

density and composition of these calcine particles could be measured.

The small scale calciner rig had not been used for approxintayelsirs before this project began.
This led to a number of issues being encountered with the existing equipment. Also, the original
configuration of the rig did not allow for the capture of chestticles entrained in the effas from the
calciner, whit passes to the effas system. As the existing rig needed to be partially rebuilt, the
opportunity was taken to design and install a dirt trap. This allowed collection of dust for further

analysis, which was not possible in historic studies.

4.3.1 Dirt trap design

In order to allow the capture of dust particlegheir solid form, dilter had to be added to the

existing offgas pipe work between the calciner and thegaff system. Originally, the effas system

and calciner upper end fitting were connected by a flexible hose approximately 1.2 metres in length,
with the majority ofthe dust being trapped in either this hose or in a designated trap, where it would
be dissolved in the condensate. As the dust was partially trapped in the flexible hose, it was decided
that the filter would benefit from being as close to the calcinpeuend fitting as possible. These

ideas were taken to the NNL design team with the following design specifications:

1 The offgas flow must be allowed to fpass the dirt trap to prevent a N®lease occurring
in the event of filter blinding.

1 The dirttrap must be isolated during filter change operations to allow dust collection during
routine operations without the possibility of a N®lease.
The filter must be removable to allow dust samples to be taking during an experiment.
The dirt trap loop mudit in the designated fumehood, and not block access to the HAL
simulant feed buckets or peristaltic pumps.

1 The dirt trap loop should be made of glasswigr&eeping with the current offas system,

thus allowing visual inspection.
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1 Where possible, theritrap should avoid buildp of condensation, allowing the dust

samples to remain in their solid state for further analysis.

After a period of consultation with the NNL design team, a design was proposed which used
components from the same manufactussthe offgas system, easng compatibility. Figure 4.3

shows the design and components list of the agreed dirt trap loop. The major components of this dirt
trap loop were:

1 The 3way-valve (multiport ball valve)i Allowed the offgas flow to either byass the dirt
trap or flow through to allow the collection of dust.

1 The dirt trapi Houses a PTFE cartridge covered with a i60mesh filter to collect any dust
whilst allowing the offgas flow to pass through. It has a removable base plate to allow
changing of the cartridge and filter during routine operation of the calciner rig.

1 Two compact ball valves to allow isolation of the dirt trap, ensuring npriiBases or off
gas flow will be present while changing the filter. These were designed to basuaed
additional safety feature.

1 A new, smooth bore steel braided flexible hose designed to trap the minimum amount of dust,

allowing it to travel to the offjas system to be caught in the dirt trap.

Theremaining components (Figure ¥8ere identicald those already used to construct thegaf$
system on the small scale calciner rig.

As the new dirt trap loop would add extra weight to the existing glass pipe work, new scaffolding was
also required. However, it was decided that this would bedititie discretion of the NNL

engineering team during installation of the dirt trap loop. An assortment of scaffolding components
were listed to order, but no further design work was carried out. Once the design work had been
completed and the componestairced, the implications on the safety of the small scale calciner rig

had to be assessed before any work could begin.
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Figure 4.37 Drawing of the proposed dirt trap loop with parts list
(Courtesy of the National Nuclear Laboratory)
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4.3.2 Working on a nuclear licensed site

In order to carry out work on a nuclear licensed site, there were procedures which had to be followed.
Within the NNL central laboratory, before work could begin, a facilities work request (FWR) was
raised, completed and approvgdthe facilities team, as well as other stakeholders, including the
engineering, design, lab leader and operations control management teams. The purpose of the FWR
form was to ensure the operators were aware of the nature of the work which was tet®agr

the hazards associated with the work and that all the stakeholders had an input to determine whether
the work was inherently safe. The information captured on this form inc(Wdelob, 2014)

A description of the work to be done.
References tthe associated safety documentation and instructions.
Required resources and technical input for the work.

A section for authorising signatures.

= =4 =4 4 =4

A section for operator signatures.

By capturing this information in one place, it ensured that all ohsiseciated documentation had

been reviewed and authorised as well as acting as a reference to all resources required to carry out the
work should a new agrator need trained. Figure 4Hdows a flow chart which was followed to allow
completion of the FWRorm and the associated paperwork, thus allowing the design work to be

implemented and the experiments carried out.

The first task was the completion of the customer details and charging details. The customer details
were a requirement, as they would édeen needed in the case of an emergency. The charging
details were to ensure the facilities required for the work could be paid for once the work commences.
Once these sections were cleared by the project manager, the scope of the work section was
comgdeted. The scope of work section incluq@debb, 2014)

Clear description of work to be carried out
Short description of why the work is required.

A photo of the equipment or rig being used.

Details of the services required.

Detais of the parameters covering normal working operations.

=A =4 =4 4 -4 =9

Requirements for overnight or lone working.

This ensured both the operators and the lab leaders were aware of the work which was to be carried

out, where the work was to be carried out and whicititres were required to complete the work.
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Figure 4.47 Flow chart showing the procedure for preparation of documentation before

commencing work within the NNL central laboratory
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As this work was covered by the building safety case, the next task was to complete a plant
modification proposal (PMP) form. AMP is required for any changes in design or the installation of

new equipment on an engineering plant. The application of the PMP process ensured that:

1 The full extent of what is or what could be affected by the modification, both during and
following its implementation, is identified and adequately considered.

1 All new and increased risks to safety and the environment are identified, assessed and
adequately controlled.

1 Safety and environmental classifications are assigned to the modification whichiteflect
safety and environmental significance and ensure that it is the subject of adequate scrutiny.

I The correct standards and procedures are applied to any engineering or operational changes.

1 The correct standards and procedures are applied to any desigesha

1 All requirements to update any records associated with the modification are identified.

1 All training and communication requirements associated with the modification are identified.

As an engineering plant has effects on operational safetgram®nmental impact, the PMP had to

be reviewed and authorised by the operations, engineering and building managers as well as

environmental and radiological impact personnel for the Sellafield site.

The facility register of environmental aspects (FRE&AuID not be affected by this work as the

guantity of NQ produced by the experiments was taken into account. The building emissions were
already reporteds if the offgas system was noperational and all of the N@roduced was released
through the bilding stackvia the fumehood. The next step, therefore, was the preparation of

COSHH and risk assessments to cover the proposed experimental programme. COSHH assessments
were required for handling HAL simulant, nitric acid,-gls system liquors, chiller coolant and

calcine, which all occur through routine operation of the calcineDige to the fact these hazardous
chemicals needed to be handled and machinery would be in operation, the major hazards were

identified as:

1 Chemotoxic hazards associated with the hagdhf strong acids.

1 High temperature hazard if in contact with thegdf pipework and calciner tube.

I Trapping hazards associated with rotating machinery and use of hand tools.

1 Working at height while opening and closing fire damper valves and emptyingagi

These hazards were captured in the risk assessment with an assessment of what remedial action
should be taken to reduce the probability of these occurring. This was also captured in the next stage

of the process, updating of the operating ircgiom (OI).
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Operations which require multtep processes necessitate the use of an Ol. An Ol contains a step by
step guide for the operator to use and should capture anp,sedlibration, sampling, operational,
shutdown and cleatp processes. Withieach step, any hazards should be identified and the
appropriate PPE, beyond what is already worn in the lab, identified. As this work required the
addition of extra equipment to the rig, the small scale calciner Ol had to be updated to include the use
of the dirt trap loop during routine operation. This work did not affect the emergenegchnt

procedures for the rig from previous experiments.
Within the resources required section of the FWR, the following must be considered:

1 Who will carry out the wrk and what training do they require?
1 What facility resources are required?

1 What raw materials are required?
1

Timescales and possible impact on other related projects.

The technical input section required information on the emissions and waste gemeratex f

operation of the small scale calciner rig. NfInissions were calculated for each experiment as the
worst case scenario, as if all the nitrate anions;(Nf@m the metal nitrates and nitric acid were

given off as NQ. These values were reportadhe FWR giving a value for the total N@roduced
throughout the whole experimental programme, thus allowing a check against the building emissions
limits. The waste HAL simulants and affs liquors were stored in 10 litre containers in a designated
bunded area in the lab. These were then taken for final disposal via the same route as VTR wastes.
Once these sections were completed, t he work ori
required to signify that the work package had been accefiteel operators, due to work under the
conditions of the FWR, then had to sign to show they have read and understand the FWR and
associated paperwork. The final step, before submitting the paperwork to the facilities team, was to
authorise the EIM&T regine by obtaining the signature of the engineering manager, and nominate a

gualified person tesupervise thengineering work.

The process for the authorisation to proceed then involved passing the FWR and associated
paperwork to the appropriate lab leadell his was then checked by the facilities team before being
passed on to the OCM for final approval at theiekig meetings. Once all parties eesatisfied

with the wak laid out in the FWR, work couldhen proceed. If thengere any issues, these uld be
pointed out and discussed, with the paperwork behsgibenitted for the following weeks meeting
(Webb, 2102)
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4.3.3 Small scale calciner rebuild
4.3.3.1 Dirt trap installation

Once the FWR had been approved, signifying the completiamehdments to all of the associated
paperwork, all of the components were ordered for the building of the dirt trap loop. Whilst waiting

for the components to arrive, a job order number was raised and the safety documentation prepared to
allow the NNL engeering team to install the components. The work pack required before starting

the work included:

1 Job card A form where the unique job humber is recorded and signature is gathered from
the plant owner to ensure they approve of the work which wilbbged out.

1 Risk Assessmeirit List of hazards, their consequences and measures taken to reduce the
probability of these occurring.

1 COSHH assessmeritddentification of hazards and remedial action required to reduce the
risks associated with any chemicahsidered hazardous to a workers health.

1 Isolation Test Certificate (ITQ) This ensures that an electrical isolation has been carried out
on the plant to prevent any moving parts being activated during the job, eliminating the
hazards associated with mogimachinery.

1 Prejob brief formi This highlights the major hazards associated with the work and is
required to be signed by the job supervisor and the personnel carrying out the work to ensure
they have read and understand these hazards.

1 Work Control Asessment (WCA) forrnii A brief description of the job and a list of the
associated documentation required for the job. Must be signed by a qualified person of work

(POW) and the Safe Systems of Work (SSOW) controller before work can commence.

Thepreparatbn of this work pack warequired before every job which waarried out by the NNL
engineering team. Once completed, it is passed to the SSOW controller for final approval and
recorded in the work log fdahe building. The work pack wahen passed theé engineeng team

and the prgob brief was conducted by the job supervisor to ensurgéreonnel conducting the work
were aware of the hazards associated with the job. Once the components had arrived, the job was

ready to begin.

Before installing tk components on to the small scale calciner rig, the dirt trap loop was constructed
to ensure all th parts fit together (Figure 4.5During this process, the internal components of the 3
way-valve were found to be faulty and had to be sent back tm@meifacturer, taking a total of 10

weeks to be returned in the correct configuration. During this time, a scaffold was built to support the

weight of the dirt trap loop.
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Figure 4.57 Photo of the assembled dirt trap loop before installation

Once the 3vay-valve had been returned, the dirt trap loop was installed successfully on to the
existing offgas pipework. However, the steel braided hose, which was designed to connect the
calciner upper end fitting to thev@ay-valve, was too short to bridge tlgap due to the misalignment

of the respective flanges. Therefore, one of the existing flexible hoses was used to connect the
calciner to the offjas system in order to carry out a test of the small scale calciner to determine if the
rig was in working ader. During this test, there were several issues identified which required further
attention to get the righniworking order (see section 4832).

4.2.3.2 Other issues

After installation of the dirt trap loop, the other components of the rig inspected and tested to
determine the condition of the rig. During this investigation, the following issues were identified:

The offgas fan had seized due to corrosion inside the fan casing.
Dust scrubber pump failure.

1
1
1 Degradation of the valve V1&hich allows the offgas to be diverted through the flowmeter.
1

The calciner rotation and heating had no power.
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To resolve these issues, a new dust scrubber pump and valve were resourced and theyapdea off

was utilised. A work pack was put tabger (as outlined in section 4381) and approved by the

SSOW controllers to install these new components and determine the cause of the lack of power to the
calciner. Once these issues had been resolved, the rig depression was tested and found to be
insufficient. The cause of this was identified to be a fracture of the glass tolhmgy éffgas system

(Figure 4.9, thought to be caused by a combination of vibrations from thgasffan and the

additional weight added from the installation of the daptloop. The opportunity was taken to order
spare glass tubing to avoid significant downtime occurring in the future due to this issue. The glass T
piece was replaced and extra support was added to the dirt trap loop to remove any excess stresses
causedy the increased load on the glassware.

1
A
g e
gl

Figure 4.67 Photo showing fracture of the glassware during testing of the small scale calciner

After these modifications had been made, further testing revealed insufficient rig depression was still
an issue. fe cause of this was isolated to the calciner tube, which suggested the seals in either the
upper or lower end fittings were loose. These seals were replaced by the NNL engineering team,
which resolved the issues. The rig, now in working order, was teduytested and commissioned

in feed.

79



4.3.4 Commissioning and testing

Before experimentation on the small scale calciner could begin, the rig had to be commissioned, first
using water feed followed by HAL simulant feed in accordance with the PM&minissioning

checklist was therefore agreed, raising the following questions:

1. Is the offgas diverted down the original effis pipe when the 3 way valve is in position
1?
Is the offgas diverted through the dirt trap loop when the 3 way valvepssition 27?
Is the temperature of the dirt trap blanking plate beloWwG30
Is the pressure differential at Pl 001 betwekhmbar and15 mbar when the offjas is
diverted through the dirt trap loop?

The first two questions were answered by observiaglitection of the condensate flow through the
3-way-valve and were put in place to ensure the valve seating was in the correct configuration. The
dirt trap blanking plate temperature was measured using a contact thermocouple. This temperature
was imporant as the blanking plate must be removed during routine operation to obtain the dust
sample. Finally the pressure differential had to be in the rdrdge-15 mbar, as this is the operating
window in which the rig operates to run in line with th& mbar at which the VTR is run. In order to
proceed to the HAL feed commissioning trial, the answers to the above questions all had to be
affirmative in two, separate water feed trials. Once this had been completed and approved by the
plant owner, the HALded trials were conducted. Before the rig could be considered for experimental

use, the following question was posed:

1 Is the pressure differential at P 001 betwekhmbar and15 mbar when the offjas is
diverted through the dirt trap loop?

This wasan important issue in HAL feed, as the consequence of collecting dust in the dirt trap on the
pressure differential in the system was unknown. If the filter had blinded, restricting or blocking the
off-gas flow, there was a possibility of a N@lease fom the upper and lower end seals of the

calciner tube. Signs of this occurring would have manifested as a rise in the negative pressure
differential throughout the system. However, there were no issues encountered throughout the two

HAL feed trials whichwere conducted.

The four commissioning trials (two water feed and two HAL feed) were also used as training runs for
the operators to become suitably qualified, expe
operator is fully trained to operate the.righis was the final part of the PMP requirements, which

allowed the authorisation of the rig to be used for further experimentation.
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4.35 Experimental issues

4.35.1 Off-gas fan and rig depression issues

During small scale calciner operations, there were several issues which resulted in lengthy delays to
the project. The main issue with the small scale calciner was the unreliability of-treesdén,

which is used to maintain depression throughoutitheThis was replaced during the initial testing

of the calciner with a spare which had been sourced during the original commissioning of the rig.
However, due to a valve failure on the-g#is fan casing, which was used to drain the entrained
condensatethere was an increased rate of corrosion which led to the fan having a shortened life span

than was expected.

During the lifespan of the cffas fan, it had seized several times, either due to corrosion causing the
motor shaft to stick or due to exsege buildup of condensate within the fan casing. To deal with

this issue, the NNL engineering team were alerted to any issues and an instruction was issued,
alongside the associated wgrickage (outlined in section 4331) to allow drainage and/or &ag

up of the offgas fan. Due to the regularity which this occurred, a maintenance regime could not be

put in place due to the high work load of the NNL engineering team. Each occurrence, therefore, led

to anywhere between a week and twonths downtira depending on availability. Ultimately, the

off-gas fan reached a point of failure and a replacement had to be resourced. This was an issue, as the
company which produced the original-gfis fan was no longer trading

In the original small scale cai®@r construction and commissioning records, an engineering drawing
of the offgas fan was present. This allowed a new fan to be fabricated, though as it was custom built,

it had a lead time dhreemonths, further delaying the project.

Another issue which arose throughout this project was the loss of depression irgde fstem of

the small scale calciner, causing the alarm to sound, triggering-d®hkntof the rig. There were
several causes of this, the major cause bekhggikage past the seals in the upper and lower end
fittings of the calciner tube. The procedure for overcoming this issue was again to provide the NNL
engineering tearwith a work package (section 4331) to allow them to replace the seals. There

were againssues with resource availability, leading to further delays. This was a constant issue
throughout the experimental programme, leading to it being shortened due to time and resource

restraints.
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4.35.2 NQ release event

During one of the small scatalciner experiments conducted during this project, the &l€dm

sounded, indicating a level above 5 ppm was released from the calciner into the fumehood, prompting
an evacuation of the lab. An investigation into the cause of this showed that a blockage was formed
in the 3way-valve from the builelp of dust pasing from the calciner to the effas system. As the

NOx containing offgas stream was unable to pass to theja$f system, it would have been released
through the upper and lower end fittings of the calciner tube into the surrounding fumehood. Due to
the hazards associated with a,N€lease, an event was raised through thnensafety and health at

NNL sites (OSHANS) system.

As part of the OSHANS procedure, an inspection of the small scale calciner rig was carried out by the
operations control magament (OCM) team as well as a review of all the associated safety
documentation and operational instructions. The major outcomes from this review were (Mattinson,
2014):

1  Work place air monitoring and air flow checks to be carried out to determine whwthe is
a NQ hazard in the vicinity of the dirt trap and safety screens.
9 Currently a dust mask is used for certain operations to negate dust hazard. This should be
revisited to determine whether a Ni@azard is also present, resulting in the needdana
respirator fitted with the appropriate filter. Training should be undertaken by the operators
for the associated respiratory protective equipment (RPE).
1 The risk assessments, COSHH assessments, operating instruction and facilities work request
shout be updated to cover RPE use, consideration of other lab users and lone working issues.
9 Associated documentation should also be updated to cover additional checkswaghe 3
valve to ensure the probability of the same issue arising in future trials.
9 Additional signs on the doors to the furnace room (which houses the small scale calciner)
should be produced highlighting a personakM@nitor is to be worn while the calciner is in

operation.

Once these issues had been addressed, another review of ltreeai@a&alciner rig and the
associated documentation was undertaken by the OCM. This was to ensure the safety of the operators
had been fully considered and all previous issues had been addressed. Only once this had been

completed could small scale caler operations reommence.
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4.3.6 Original and revised timelines

All of the issues covered in this chapter resulted in a delay in the &lady of the project. Table

4.1 outlines the original project plan and the result of each delayextitee unscheduled work that

was carried out as a result is also outlined.

Table 417 Overview of original project timeline and the effects of the issues encountered

Task Original Date Actual Date Major Additional Work Carried out to
as
for Completion Completed Allow Completion of the Task
Design of the January January N )
_ No additional work required.
dirt-trap loop 2011 2011
PMP paperwork reviewed several time
delaying authorising signatures.
Complete FWR _ Addendum required to PMP due to
_ April September N _ _ _
and associated additional drawings being required.
2011 2011
paperwork Complete review of Ol.
Paperwork required reriting due to
new document templates being releas
Order parts for July December N )
) ) No additional work required.
installation 2011 2011
_ 3-way-valve sent back to manufacture
Installation of September May _ .
_ for re-configuration.
dirt-trap loop 2011 2012

New flexible hose ordered.
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T New DS pump, glassware and V12
ordered.
Spare offgas fan utilised.

_ Extra support added to dittap loop.
Calciner October August

Upper and lower end fitting calciner
test runs 2011 2012

seals replaced.
1 SSOW package put together (See
section 8.2.3.1) to allow installation of

new components.

Commissioning December October

. 1 No additionalwork required.
and training runs 2011 2012

I Maintenance instruction written for
draining and freeing of offjas fan.

1 New off-gas fan sourced and
manufactured.

_ 1 Upper and lower end fitting calciner
Carry out April September

_ seals replaced.
experiments 2012 2013

1 NOxrelease event triggered OSHANS
investigation.

1 FWR and all associated paperwork
reviewed and updated.

1 RPE training undertaken.

This shows that these issues delayed the project by a total of 17 months. Some of these issues would
have been expected to occur throughout the project and time was allowed in the original project plan
as a contingency. However, the severity of sombeaxd issues could not have been anticipated, and

hence project delivery was delayed.
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5. Effects of Lithium Nitrate on Short

Simulants in the Calcination Process

5.1 INTRODUCTION

Lithium nitrate is added to highly active liquor (HAL) before calciation and vitrification. riia
benefit of this addition i reduce dust carfgverand hence blockages in the-gis system. It is
also reported to improve the reactivity of thecaa in the melter (Magrabi, 1981Although these
benefits are well documented, the underlying mechanisms by which these beeeétdiaed remain
unclear. One of the fosesof this work thereforewas to understand the reactivity of lithium nigrat
in the calciner to determine why lithium nitrate acts as dibgnagent, reducing dust caioyer.

Previous work (Vickers, 2006) had been carried out using full HAL simulants, which are difficult to
analyse due to the large numiséicomponents they atain. Anotherfocus of this section of work
was therefore to use simplified édshort simulants

of the HAL with lithium nitrate and the other species present in a series of systematic experiments.
5.2EXPERIMENTAL

It was reported that the addition of lithium nitrate to the HAL simulant processed on the vitrification
test rig (VTR) reduced the amount of refractory oxides, high in aluminium and iron, observed in the
resulting product glass (Short, 2006M)o investigate this observation further, a series oftaibe
experiments were designed to determine the reactivity of lithium nitrate with other metal nitrates
present in the HAL. These experiments were carried out under conditions designed te shoséa
experienced in the calciner. The reaction mixtures were based on the stoichiometry of Magnox HAL

simulant used on the VTR.

The reactions between lithium nitrate and selected HAL components were investigated in a systematic
series of simplified xperiments, because the complex chemical composition of HAL has, hitherto,
prevented elucidation of the underlying mechanisms of reaction. The possible reactions of lithium
nitrate with the nitrates of aluminium, magnesium, iron and zirconium (as zincibrate) and
phosphomolybdic acid (PMA) were investigated. These compounds were chosen as they are the
major components present in the HAL after the reprocessing of Magnox arfddlkD A systematic
approach was taken when designing these reactioassist in identifying reaction products and

intermediates.
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The experimental approach consisted of first reacting lithium nitrate with HAL component

compounds to identify reactions and characterise the products. Reactions between the HAL simulant
compments were subsequently carried out without the presence of lithium nitrate, with lithium nitrate
and with an equivalent amount of nitrate added through addition of excess nitric acid. These
experiments were used to determine whether lithium or the awigithitrate were responsible for any

of the reactions. By carrying out reactions with and without the presence of lithium nitrate, the role of
lithium in the calciner could be better understood.

Six samples were chosen to determine whether the residieme in the furnace affected the extent of
reactions in the calciner. These samples were AMN1, LMN1, LAMN1, PZN2, LPN1 and LPZN1.
These samples were freeze dried and calcined at temperatures’@f 350°C and 550C. XRD,

TGA and EDSanalysis were carried out on the calcined products. These results were compared to
those obtained in the initial investigation.

Achieving short residence times in a muffle furnace, to simulate calcination conditions, was not
possible using liquid sartgs because introducing the samples at the reaction temperature led to flash
boiling and loss of the crucible contents. Clearly, preheating with an extended residence time would
not be appropriate. The samples were therefore first fidrize, to removevater and the resultant

solid was placed in the furnace at the desired temperature. This approach was thought to give a
representative sample, since the freégéng simulated calciner Zones 1 and 2 (without heating), and

the furnace simulated the cotidnhs in Zones 3 and 4.
5.2.1 Calculating theoretical TGA results

TGA analysis was carried out on each of the starting materials used in these experiments (e.qg. lithium
nitrate, magnesium nitrate etc.). The data, comprising sample weight at eadtaterefstep, were

converted to percentage weight values to give the weight loss curve for each of the starting materials.

From these weight loss curves, theoretical weight loss curves were produced for each reaction. These
were constructed by taking ina@count the ratio of the reactants in each sample, and combining the

weight loss curves accordingly (Equation 5.1).

_ (MW, 3 A) + (MW, ® B)
A+B

TW, (Equation 5.1)
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TWsx is theoretical weight at temperature X (%)

MW ax is measured weight of component A at temperature X (%)
MWy is measured weight of component B at temperature X (%)
A is mass of component A in the sample (g)

B is mass of component B in the sample (g)

This calculation was carried out for each of the measured temperatures and the results combined to
form thetheoretical traces. It was not possible to conduct TGA investigation of the calcined products
immediately following the reaction. Consequently, it was important to acknowledge hydration of
dehydrated nitrates or product phases in the calcined matgrasbrption of atmospheric water, as

a contributing factor in the TGA investigation of the calcine products.

The theoretical weight loss after calcination at set temperatures was also calculated. The first step
was to calculate the theoretical massaifrecomponent in the sample after calcination at a set

temperature (Equation 5.2).
TM,, = A3 (1- ML,,) (Equation 5.2)

TMax is theoretical mass of component A at temperature X (g)
ML ax is measured weight loss of component A at temperature X (fraction)

A is mass of coponent A in the sample (g)

These values could then be used to work out the theoretical weight loss of the sample at a set
temperature using Equation 5.3. Finally this value was subtracted from the maximum theoretical
weight loss (Equation 5.4), which\gathe theoretical weight loss which should be observed after

calcination at a set temperature.

M, +TM,, +....
TL, =100- X BX 31 Equation 5.3
L, =100- ( T Y 00 (Equation 5.3)
TL=TLy.- TL (Equation 5.4)

TLy is theoretical weight loss at temperature X (%)
TLwmax is maximum possible theoretical weight |¢%&)

TLobsis theoretical weight loss observed after calcination at temperature X (%)

Using this, the actual weight losses observed in the samples after TGA analysis could be compared to

the theoretical weight losses calculated from measurements cartied the starting materials.
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5.3 RESULTS AND DISCUSSION

5.3.1 Reactions between aluminium nitrate and magnesium nitrate
5.3.1.1 Lab scale experiments
5.3.1.1.1 AMN1 and AMN2

The XRD patterns of the reaction products showed strong reflections attributable to AENO
[14-101] for samples AMNB50-3h, AMN2-350-3h, AMCN1-350-3h and AMCN2350-3h; see
Figure 5.1. Reflections associated with Mgd{¥®H.O essentially accounof all reflections in the
XRD patterns of the products, and no reflections corresponding to any Al bearing phase were
observed. TGA analysis of products AMIS%0-3h and AMN2350-3h (Figure 5.2) showed total
weight losses of 6&1t% and 7at% respectivelyat 1000°C, compared to the total expected weight
loss of 85wt% corresponding to complete denitration and dehydration of the reagents to form the
corresponding metal oxides. Complete denitration and dehydration of A¥BI®O would result in
an expecte weight loss of 4st% at 1000°C. Assuming reversible dehydration of Mg(j£6H,0O
below 400°C, consistent with XRD (Figure 5.1) and literature data (Paulik,e1288), this implies
partial decomposition of Al(N€)s.9H.0, to form an amorphoutstrate bearing product which is
likely also hydrated, with a higher retention of the hydrate and nitrate inventory with the addition of
extra HNQ. This is consistent with XRD data and the thermal decomposition of A)§M6,0
reported previously (Paceka and Keshr, 2002). Overall, the presence of strong reflections
associated with Mg(N¢)»..6H.O, and absence of additional reflections corresponding to a reaction
product indicated that no observable reaction had occurred to form a crystalline prddsics. T
consistent with thermal analysis of the reagents (Appendix), which showed N)g@#0 to

undergo (reversible) dehydration between-200°C and denitration above 400, and
Al(NO3)3.9H,0 to undergo partial dehydration and denitration below®85@ form an amorphous
product which would not be observed by XRD, in agreement with previous work by Paulik et al
(1988) and Pacewska and Keshr (2002).
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Figure 5.17 XRD analysis of the samples a) AMN:B50-3h, b) AMN2-350-3h,
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Figure 5.27 TGA analysis of samples AMN1350-3h, AMN2-350-3h,
AMN1-4503h, AMN2-450-3h, AMN1-550-3h and AMNZ2-550-3h
SDue to the unavailability of the |INEL diffractometer
throughout periods of this gert, XRD analysis was carried out at the University of Sheffield using a Siemens
D5000 diffractometer, which uses Cu KU1 radiation (@&

signified for each diffraction pattern shown throughout this chapter
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The XRD patterns for the reaction products of samples AMB3h and AMN2450-3h (Figure

5.3) showed a set of reflections attributed to MgO 948 6 | -Ah.0:;§56-467]. An unknown,

poorly crystalline phase was also present, which did not correspond to any known compound in the
relevant phase diagrams, by reference to the ICDD dsgalfBome diffuse scattering was also
apparent, suggesting the presence ofaergatalline component(s). There was a notable absence of
reflections attributable to Mg(NgR.6H.O from the diffraction pattern. TGA data from the products

of AMN1-450-3h andAMN1-450-3h (Figure 5.2) showed total weight losses oi8% and 41wt%
respectively at 1008C, consistent with the similarities in the diffraction patterns and indicating
substantial retention of the nitrate and hydrate inventory. The weight lodegd#monstrated two
events: a broad weight loss up to 200 attributed to dehydration; and a sharp weight loss at@00
consistent with denitration of Mg(N®.6H0O, by reference to thermal stability data for this

compound (Appendix; Paulik et. al988). Taken together, these data imply formation of an
unidentified intermediate phase through reaction of the amorphous Al nitrate hydrate, with
Mg(NO:s)..6H,0, or its decomposition products, together with MgO. The available evidence suggests

that this uidentified phase is likely to be a complex Mg and Al nitrate hydrate.

1 = Mg,Al(OH),

2 =MgO

3 = y-AlLO;

4= Unidentifli(%d Reflection

AMNZ2-550

AMN2-450

Intensity (a.u.)

AMN1-550

AMN1-450

2theta (degrees)

Figure 5.37 XRD analysis of samples a) AMN#450-3h, b) AMN1-550-3h,
c) AMN2-4503hand d) AMN2-5503 h using Co KU1 Ajadiati on
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The XRD pattern for the reaction products of samples ANSEQR3h and AMN2550-3h (Figure 5.3)
showed a close match to reflections attributable teAY@H)+ [48-601]. However, consideration of
the TGA data and available literature (Zhang gt24113) sugest the formation of an Al/Mg layered
double hydroxide (M@AlI-LDH) continuous solid solution of the form M(OH)z+2ac(NO3)c.XH20.
Additional reflections in the XRD pattern of sample AMN30-3h showed the presence of MgO
[45-9 4 6] -Ah0O:¢(56-457] On addition of nitric acid (sample AMN&S0-3h), however, the
refl ections at tAhLQO;arenetgresend. TGKyaDalysisnotiproducts AMBED-3h
and AMN2550-3h (Figure 5.2) showed total weight losses ofi\@% and 36n:t% respectively. fie
presence of residual weight loss, after calcination aPG50nplies retention of a proportion of the
nitrate and hydrate inventory. This observation is in agreement with the formation of a (possibly
hydrated) MgAl-LDH phase by XRD (Figure 5.3) ai&lconsistent with previous work carried out
by Zhang et al(2013) and Zhang and Li (2013), reporting thatMgL. DH6 s, of t he f or m
MgaAI(OH)3+2ac(NOs)c.xH20, were produced under various calcination conditions from
Mg(NOz3)..6H.O and either Al(NG)s.9H.O or Al(OH); starting materials. The presence of MgO in
the preparation of an Mgl-LDH was noted by Zhang et. §2013), with the XRD reflections
attributed to MgO reducing in intensity at increased reaction time and temperatures, suggesting that
the readbn proceedsia a reaction involving MgO, in which additional HN@®@wers the reaction
temperature. Previous work by Mascolo and Marino (1980), Pauschi{¥&8) and Roy et al

(1953) all showed the formation of an Md-LDH through reaction of alumawith MgO under
various hydrothermal conditions. The backscattered electron image (Figure 5.4yanthxps
(Figure 5.5) showed that the distribution of Al and Mg throughout the sample was relatively
homogeneous, supporting the identification of aM¢_DH phase. Overall, these data imply the
formation of a MgAl-LDH, which must include a significant nitrate and hydrate component, in the
form M@.AI(OH)3+2ac¢(NOs)c.XxH20. Formation must proceed by decomposition of the unidentified
intermediate formedtdower temperaturevia denitration and / or dehydration) and reaction between
Mg O a-Al4Ds;, aso formed at lower temperature. Higher nitrate content, through addition of
HNOs;, removed t he prAbGBomche reaction gvbgi@ts.and o
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XRD analysis showed that addition of Cr nitrate had very little effect on the product phases formed
from the reaction between Mg and Al nitrates when calcined atG5tee Figure 5.1. Reflections
associated with Mg(N¢€)..6H.O again account fazssentially all reflections in the XRD patterns of
the products, however, a si ngl ¥YFigarddl),wason a l i nten
observed in the diffraction patterns of products from reactions involving Cr nitrate. This reflection
couldnot be attributed to any known phase in the relevant phase diagram, by reference to the ICDD
database. The backscattered electron image (Figure 5.4yamyd¥aps (Figure 5.5) showed that Cr

was localised to one area in the sample. This is consisténthei XRD pattern of sample
AMCN1-350-3h (Figure 5.1) which showed an additional reflection attributed to the presence of Cr in
the sample, suggesting Cr formed an isolated phase, not interacting with other components in the
sample.

images of sample AMCN1550-3h.

Cr (o]

Figure 5.571 Digital maps showing the elemental composition

of sample AMCNZ1-550.
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From these experiments, it is possible to infer and conclude the following sequencéiarfiseac

1 Below 350°C: Mg(NGs)2.6H,0 undergoes reversible dehydration, whereas A{Na@H,O
undergoes partial denitration and dehydration to form an amorphous product. These findings
are consistent with analysis of the reagents (Appendix) and literataréR#aulik et al 1988;
Pacewska and Keshr, 2002). The possibility of reaction between the reagents beléw 350
cannot be excluded, but the strong XRD reflections associate with M(BI®O, and
absence of additional reflections corresponding to staltine reaction product, imply that
the product must be minor and amorphous in nature.

1 Between 35@150°C: an unidentified intermediate phase is formed together with MgO and
2-Al,03; this suggests (partial) reaction of the amorphous Al nitrate hyalvite,

Mg(NOs)..6H,0 and / or MgO. The available evidence suggests that this unidentified phase
is likely to be a complex Mg and Al nitrate hydrate.

1 Between 45650°C: a layered double hydroxide nitrate of the type
MgaAI(OH)3+2ac(NO3)e.xH20, isformedt o get her wiAt®s. RAdrgh@ioneoitie o
Mg-Al-LDH must proceed by decomposition of the unidentified intermediate formed at lower
temperaturefjad eni t r ati on and / or dehydr-ALHO4 on) and
also formed at lower temperagu Higher nitrate content, through addition of HiN@moved
t he pr esenc-AlQCsffomMgréactiampdoduots.

9 Addition of Cr nitrate had no affect on the reactions between Mg and Al nitrates.
5.3.1.1.2 LMN1

The XRD pattern of produ¢tMN1-350-3h (Figure 5.6) showed a set of reflections which could be
attributed to LINQ [8-466] and Mg(N@)..6H.0O [14-101]. These components essentially accounted
all of the reflections present in the XRD pattern which suggested no reaction had octhisasas
verified by TGA analysis (Figure 5.7), which showed the total weight loss of the product to be

84 wt% at 1000°C, close to the 8&1% expected total weight loss arising from complete denitration
and dehydration of the metal nitrate hydrate®tefthe corresponding oxides. Overall, the
identification of LING; and Mg(NQ)..6H,O after calcination at 351C is consistent with thermal
analysis of the reagents, which showed LiN®@be stable up to 60C, and Mg(NQ)..6H,O to

undergo dehydration bgeen 278400°C and denitration above 400 (Appendix, in agreement with
Chun, 1977; Paulik et al1988).
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The XRD pattern of product LMN450-3h (Figure 5.6) showed a set of reflections which did not
correspond to any known compound in the relevant phase diagrams, by reference to the ICDD
databasgadditionally, some diffuse scattering is apparent, suggesting the presence of amorphous
component(s). However, reflections associated with Liaia Mg(NQ)..6H.O were found to be
absent from the diffraction pattern. TGA analysis showed the total tNeighof the product to be
75wt% at 1000°C, indicating quantitative retention of the nitrate and hydrate inventory. The weight
loss profile demonstrated three events: a broad weight loss up € 28ributed to dehydration;

and two well defined wght loss events at 40C and 600C, consistent with denitration of
Mg(NOs)..6H.O and LINQ, respectively, by reference to thermal stability data for these compounds
(Appendix; Chun, 1977; Paulik et @21988). Taken together, these data imply reactfdaNOs and
Mg(NO3)..6H.O between 35@50°C, to form a metastable crystalline product, of unknown structure,
comprising a mixed Li and Mg nitrate hydrate.

The XRD pattern of product LMN&50-3h (Figure 5.6) demonstrated the formation of MgO, together
with a set of low intensity reflections, attributed to Lif&howinga portion of the starting material

had reformed. At least one other phase was present, which could not be conclusively identified by
reference to the ICDD database; some weak diffcaiesing was also apparent, suggesting the
presence of amorphous component(s). TGA analysis of the product (Figure 5.7) demonstrated a
single weight loss event at 680, with a total weight loss at 1000 of 49wt%; notably, no

significant low temperatre dehydration event was observed. This is consistent with the thermal data
for LINO3s (Appendix; Chun, 1977) which shows a single weight loss event abow&600
corresponding to decomposition to the component oxide. Complete conversion of AENO to

MgO would result in an expected weight loss offd%, which implies that the additional phase must
comprise a metastable Li rich nitrate hydrate, possibly incorporating Mg.

From these experiments, it is possible to infer and conclude:

1 Below 350°C: LiNOz and Mg(NQ)2.6H.O do not undergo any significant reaction.

1 Between 358150°C: the primary reaction is between Liblénd Mg(NQ)..6H,O to form a
metastable crystalline intermediate compound, likely a mixed nitrate hydrate ofd\Mg;; @m
amorphous aunterpart wa also formed.

1 Between 456:50°C: the metastable intermediate compound decomposes to form MgO and a
portion of the LINQ starting material. An amorphous phase was also present, which must be

aLi rich nitrate phase possibly incorporating a small amount of Mg.
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5.3.1.1.3 LAN1

The XRD pattern of product LAN350-3h (Figure 5.8) showed a set of reflections attributable to
LiNO; [8-466]. No reflections corresponding to Al(B@9H,O or any Al bearing phase were
observed. TGA analysis of the calcined product (Figure 5.9) demonstrated a total weight loss of
55wt% at 1000°C, compared to the expected total weight loss of85 arising from complete
denitration and dehydration of the metdrate hydrates to form the corresponding oxides. Complete
denitration and dehydration of Al(NJ2.9H.O below 350°C would result in a product yielding an
expected weight loss of T@®% at 1000°C. This implies partial decomposition of Al(N@9H.O

(by loss of 78% of the nitrate and hydrate inventory), to form an amorphous nitrate bearing product
which is likely also hydrated, consistent with XRD data and the thermal decomposition of
AI(NO3)3.9H,0 reported previously (Pacewska and Keshr, 2002).
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Figure 5.87 XRD analysis of sample LAN33503 h using Cu KU1 Ajadiation
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Figure 5.97 TGA analysis of samples LAN1350-3h,

LAN1-450-3h and LAN1-550-3h

The XRD patterns of products LANA50-3h and LAN1550-3h (Figure 5.10) showed a set of

identical broad reflections attributed to LiDH)s(NO3).xHO[51-:3 59] and poorly c¢ryst
Al0; [56-457] plus an additional crystalline phase which could not be identified, by reference to the
relevant phase diagrams, using the ICDD database. A different set of reflections were present after
calcination at 450C, identified as LIN@.3H;O [24-645]. Strong diffuse scattering was also

apparent, suggesting the presence of amorphous component(s). No reflections corresponding to
anhydrous LiNQor AI(NOs):.9H,0O were apparent in the diffraction patterns. TGA analysis of
LAN1-450-3h and LAN1550-3h (Figure 5.9) afforded total weight losses ofvst2s and 45m%
respectively at 1008C, indicating that a similar and substantive fraction of the volatile inventory was
retained after reaction at 45%0°C. The weight loss curve shows two distinct weighs kgents: a

broad weight loss below 20Q, typical of dehydration; and a sharp weight loss aboveéG0d he

latter event is consistent with the decomposition of a hydrated Li/Al layered double hydroxfde (Li
LDH) phase (identified by XRD; Figure 5.1@s reported by Nayak et £1997). Bessergeunev et al
(1997) showed the reaction of LIN@ i t-Al(OH)s yielded the product LiA(OH)s(NOs).xH.O

under hydrothermal conditions. The thermal transformation of AJNEH,O under acidic
conditions is kne/n to form aluminiummeta y dr oxi de ( Al OOH), whi ch deco
Al,Os at 400500°C (Pacewska and Keshr, 2004). Taken together, these data imply the formation of
a Li-Al-LDH, which must include a nitrate and hydrate component, in the form

LiAl 2(OH)s(NOs).xH-O. An additional, unidentified crystalline phase was also formed between 350
450°C. This phase is thought to be lithium rich, as the ratio of Al/Li in the starting materials was
1:1.3, whereas there is a 2:1 ratio is evident in th&lLilDH. However, no match could be found

using the ICDD database, suggesting the unidentified phase is a complex Li rich nitrate hydrate,
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possibly incorporating Al. Formation of Li&IOH)s(NOs).xH-O must proceed by reaction of
LiNO3.3H,0O with thenoncrystalline products of Al(N€)s.9H,O decomposition. The presence of
LiINO3.3H,0 after calcination at 45T for 3h showed the reaction had not gone to completion,
however, no LIN@.3HO was observed in product LANE50-3h. This showed further reaati
occurred between 48860°C to yield LiAlI-LDH, implied by the increase in intensity of the
reflections attributed to this phase as identified by XRD. The unidentified crystalline phase was
observed after calcination at 53D, suggesting it is stabig to at least 568C, as shown by TGA
analysis.

1 = LiAl(OH)¢(NO5).xH,0
2=LiNO,;.3H,0

3 = Unidentified Reflections
4 = y-Al, 0O,

5 .
8 ; !
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’ 2 i
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2theta (degrees)
Figure 5.107 XRD analysis of samples a) LAN#450-3h and
b) LAN1-5503 h using Co KU1 Aadiation (& = 1.

From these experiments, it is possible to infer and conclude:

1 Below 350°C: LiINOs and Al(NG;)3.9H:0 do not undergo any significant reaction, but the
latter undergoes partial decomposition to form a-ciystalline product.

1 Between 358150°C: LiNO;s reacts with the noorystalline product of AI(NG)s.9H,O
denitration and dehydration to yield a pgactystalline LtAI-LDH, in the form
LiAl 2(OH)7.a(NOs)a.xH20 and an unidentified crystalline phase, thought to be a Li rich nitrate
hydrate (possibly incorporating Al), with LINGBH,O present in the product, showing the
reaction had not reached completio

1 Between 45650°C: The remaining LIN@3H,O undergoes further reaction with the non
crystalline product oAl(NO3)3.9H,O decompositioto form Li-Al-LDH. The unidentified

crystalline phase is still observed.
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5.3.1.1.4 LAMN1

The XRD pattern of produttAMN1-350-3h (Figure 5.11) comprised sharp reflections which did not
correspond to any known compound(s) in the relevant phase diagrams, by reference to the ICDD
database. No reflections could be attributed to LN@Y(NOs)2.6H.0O or AI(NG3)3.9H.0. Theg
observations are in contrast to reactions involving Lid@h Mg(NOs)2.6H.0 or Al(NGOs)3.9H0, in
which no significant reaction was observed at 35@nd LiINQ was retained. TGA analysis (Figure
5.12) showed the total weight loss of the product totbetéo at 1000°C, compared to the expected
total weight loss of 84vt% arising from complete denitration and dehydration of the metal nitrate
hydrates to form the corresponding oxides. The weight loss curve shows three distinct weight loss
events: a broadeight loss below 208C, typical of dehydration; and two sharp weight loss events at
380°C and 560C. Both these events occurred at lower temperatures than expected for the
denitration of Mg(NG)..6H.O and LiNQ (Shown to be 408C and 600C respectiely; Appendix;
Paulik et al, 1988; Chun 1977). Overall, these data imply that the crystalline product(s) of
LAMN1-350-3h must comprise one or more nitrate hydrate phases incorporating Li, Al and Mg;
because, LiN@does not react with either Mg(NJ2.6H:O or Al(NOs)3.9H,0 at 350°C or below
(sections 5.3.1.1.2 and 5.3.1.1.3).

Intensity (a.u.)

10 20 30 40 50 60 70
2theta (degrees)

Figure 5.117 XRD analysis of sample LAMN1350-3h
using Co KU1l rakiation (& = 1.789
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Figure 5.121 TGA analysis of samples LAMN1350-3h,
LAMNZ1 -450-3h and LAMN1-550-3h

The XRD patterns of product LAMN450-3h and LAMN1550-3h (Figure 5.13) exhibited sharp
reflections which mat cAO:;d56-450]ano ablditiorfalrredlectionsavere pat t er
observed, though significant diffuse scattering was apparent, singothe presence of a non
crystalline phase. JAh@; is m bositeast o aamplecAMNIo(sectionr y st al | i
5.3.1.1.1), which s hows-A${OgandrgO unaer theoshmegalcmationy cr y s
conditions. TGA analysis of tee products (Figure 5.12) showed the total weight loss to be

46-49wt% at 1000°C, demonstrating the retention of a significant volatile nitrate and hydrate

inventory. The weight loss curve shows two distinct weight loss events: a broad weight loss below

200°C, typical of dehydration; and a sharp weight loss at’860There was a notable absence of the

weight loss event at 38C, observed in sample LAMN350-3h, which implied this event must be

due to the decomposition of the unknown intermediate(s) f o r 4Al.Qs thpe strocture, with a

noncrystalline nitrate hydrate phase, presumably containing Li and Mg, stable up%0.56INO;

is known to act as a molten salt above its melting temperature €2%8olten salts can provide an
alternativemedia, which can change the reactivity and solubility of reactants (Afanasiev and Geantet,

1998). There are two main mechanisms by which reactions proceed in a molten salt host, which are

t he Otgermpwtahtée angreéedi psolavt i@dd nme c 28 0 i7g rmsw tOhTée mp |
reactions occur when one of the reactants is much more soluble in the molten salt than the other. The
soluble reactant diffuses on to the surface of the other reactant causing a reaction to occur. The

product of this redmn retains the morphology of the insoluble reactant. Previous studies by Safaei

Naeini et al(2011) and Fazlietal 201 3) showed t he-AlgOgimanioitensalt of Mg O
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medium results in the formation of Mg&k via a templategrowth mecharsm, where the structure of
2-Al0s is retained, consistent with the XRD pattern shown for products LAMB3h and
LAMNZ1-550-3h (Figure 5.13). The work by Fazli et @d013) showed the formation of MgA),

began at 65€C in a LiCl molten salt.However, LINQ acts as Lux¥lood base, meaning it is a good

O? donor, and can lower the temperatures needed for an oxidation reaction to occur (Afanasiev and
Geantet, 1998; Afanasiev, 2007) . -ADJunieformelsy consi S
products AMN1450-3h and AMN1550-3h, without the presence of LiINOTherefore, the

obser vat iAo type Strudture én the diffraction pattern, as well as consideration of the
available literature, suggest that Mg®} is formedvia a tempategrowth mechanism using LiNGs

a molten salt, tAr@G:stedtucer & nowrgstalane phase, gvhich mest contain

Li and Mg was also shown to be present through the significant diffuse scattering observed by XRD
analysis, which apmars to decompose above 360 as shown by the TGA trace (Figure 5.12).
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Figure 5.131 XRD analysis of a) LAMN1-450-3h and b) LAMN1-550-3h
using Co KU1l rahiation (& = 1.789
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Confirmation of the retention of Li was made lhy MAS NMR spectroscopy. Figure 5.14 shows a
comparison of théLi MAS NMR spectra of LIN@ and the product LAMN®550-3h; the former is
dominated by an intense symmetric and sharp resonafz@@ippm, whereas the latter comprises an
asymmetric intenseesonance at a higher chemical shift@06 ppm (measured relative to LiCl).
These data confirm that Li is retained in the calcination reactions but does not exist in the original
chemical environment of LiNg(the estimate accuracy of the derived cleahshifts is = 0.02 ppm),
consistent with XRD analysis. The signal is slightly broader than that of4 iNdicative of a less
crystalline environment, signifying the Li is present in a-ogystalline environment, however, the
asymmetric nature couldiggest the some of the Li is presena crystalline phase. Sinpeoduct
LAMN1-5503 h was found to compr i se -AOslypegthuttyye andray st al |
noncrystalline component (thought to contain Li and Mg) by XRD analysis, the Nadi&kmay

suggest incorporation of Li in this phase (and its metastable precursors) by a solid solution
mechanism. Taken together, these data imply that the intermediate of unknown crystal structure
formed at 350C, undergoes decomposition in the rang@-850°C, t o -AliOgstrudtura o
thought to be MgAIO, formed through a molten salt route, which could incorporate Li. Therefore,
formation of a solid solution of the typeAlMgxLiyOs.2y, Cannot be excluded in these reactions
and there is nprecedent for formation of such a phase in the available literature. Irrespective, the
TGA and NMR data point to the presence of @&gisting noRcrystalline nitrate hydrate phase

incorporating Li.

—LAMN1-550-3h

—LIiNO3

Intensity (a.u.)

-10 -8 -6 -4 -2 0 2 4 6 8 10
Chemical shift (ppm)

Figure 5.147 “Li MAS NMR spectra of LiNO 3 and LAMN1-550-3h
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From these experiments it is possible to infer and conclude the following:

1 Below 350°C: LINOs, Mg(NQs)2.6H.0, andAl(NO3)3.9H,0 react to form a complex nitrate
hydrate incorporating Li, Mg and Al; this phase or phases are of unkrryatal structure.

1 Between 358150°C: the complex nitrate hydrate decomposes to form M@&hrough a
molten salt templatgrowth synthesis, with the structuresmsfl 0 being retained, alongside
a coexistingnoncrystalline nitrate hydrate phase, ingorating Li and Mg.’Li NMR data
could show that some Li is incorporated in the crystalline MQA$tructure, though the
broad resonance suggests Li is present in ecngsialline form, consistent with the XRD
data.

1 Between 45650°C: the norcrystaline nitrate hydrate, incorporating Li and Mg remains

thermally stable up to 56, above which denitration occurs.
5.3.1.1.5 MIN1 and MIN2

The XRD patterns for samples MINBB0-3h and MIN2350-3h (Figure 5.15) showed strong
matching reflections. These were attributed to Mg{hN6&H,O [14-101] and FgD; [02-915]. The
decomposition of Fe(N£k.9H,O to FeOs; below 350°C is consistent with thimal analysis of the
reagents (Appendix) and in agreement with available literature (Melnikoy 20a#). Furthermore,
TGA analysis (Figure 5.16) showed the total weight loss of the products of-888#2h to be
61wt% at 1000°C, compared to the expied total weight loss of 84t% arising from complete
denitration and dehydration of the metal nitrate hydrates to form the corresponding oxides. Complete
denitration and dehydration of Fe(B)&9H,O to FeOs below 350°C would result in a product
yielding an expected weight loss of 8% at 100°C, which is in close agreement with thev@®o
weight loss observed. Overall, the identification of MgeN®H,O and FeOs after calcination at
350°C is consistent with thermal analysis of the reageviigsh showed Fe(N§s.9H,O undergoes
almost complete thermal decompaosition at 35@&nd Mg(NQ)..6H,O undergoes (reversible)
dehydration between 274D0°C and denitration above 400 (Appendix, in agreement with
Melnikov et al, 2014; Paulik et gl 1983).
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Figure 5.161 TGA analysis of samples MIN1350-3h,
MIN1 -450-3h and MIN1-550-3h

104

1
1 = Mg(NO,),.6H,0
1 2=Fe,04
- 1 1
=] 1 2
&
> Th 1 1 1
2 1127 [
E |b) 1 1 22
a)
10 20 30 40 50 60 70 80
2theta (degrees)
Figure 5.151 XRD analysis of samples a) MIN1350-3h and
b)MIN2-3503 h using Co KU1 A)adiati on
100 1
90 |
80 é —MIN1-350-3H
70 - ——MIN1-450-3H
SE MIN1-550-3H
I L L — MIN1 Theoretical
2 40 1
30 |
204
10 1
0:\1\\I L e B B B B B B N B B B B B T T T T T T T LA B B |
0 100 200 300 400 500 600 700 800 900 1000

(&

1.



The diffraction patterns of samples MIM50-3h, MIN1-550-3h, MIN2-450-3h and MIN2550-3h
(Figure 5.17) showed an identical set of reflections, attributed to Mg©48band FgD; [02-915].

In the samples calcined at 4%D for 3h, there were some broad, weak reflections which did not
appear when theamples were calcined at 5%D. This indicated that there may have been some
poorly crystalline residual nitrates present at #50which decomposed fully between 4&Dand
550°C. No reflections corresponding to Mg(B)&6H.O or Fe(NQ@)s.9H,O were aparent in the
diffraction patterns. TGA analysis (Figure 5.16) showed the total weight losses of samples MIN1
450-3h and MIN1550-3h were 1wt% and 10wnt% respectively at 1008, indicating that a similar
and substantive fraction of the nitrate and ayelinventory was retained after reaction at-850°C.
The weight loss profiles showed two weight loss events: a broad weight loss belt@; a@@ibuted

to dehydration; and a second between-800°C consistent with denitration of Fe(N@9H.O, by
reference to thermal data for this compound (Appendix; Melnikov,e2G14). These data imply that
in the temperature range 3580°C, no reaction occurred between Feghd®@H,O and
Mg(NO:s)..6H,0, though the latter undergoes dehydration and dehydtationm MgO, consistent
with the thermal behaviour of this reagent (Appendix; Paulik.e1888).

2 1=Fe,0,
2 =MgO
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Figure 5.1771 XRD analysis of a) MIN1-450-3h, b) MIN1-550-3h,

c) MIN2-4503h and d) MIN2-5503 h usi ng Co KU1 Aladi ati on
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From thesexperiments, it is possible to infer and conclude:
1 Below 350°C: Mg(NGs)2.6H,0 and Fe(NG)s:.9HO do not undergo any significant reaction,
but the latter undergoes denitration and dehydration to fos@sFe
1 Between 35650°C: Mg(NGs)..6H,O undergoeslenitration and dehydration to yield MgO
while FeOs; was retained in the reaction product. A portion of the hydrate and nitrate
inventory remained.

1 The addition of extra nitrate, in the form Hi|®as no significant effect on the reaction.
5.3.1.1.6 AIN1land AIN2

The XRD pattern for sample AIN350-3h (Figure 5.18) showed reflections attributed tg0ze

[02-915] and AI(NQ)s.9H,0 [12-472]. This was unusual, as thermal analysis showed

Al(NO3)3.9H,0 is expected to decompose to form an amorphous praftactalcination at 35C
(Appendix; Pacewska and Keshr, 2002). TGA analysis (Figure 5.19) showed the total weight loss of
the products to be 30t% at 100°C compared to the 88t% weight loss which would arise from
complete dehydration and denitratiof the metal hydrate nitrates to form the corresponding oxides.
Complete denitration and dehydration of FegNOH,O below 35C°C would result in a product

yielding an expected weight loss of @6 at 100°C. This implies partial decomposition of
AI(NOs):.9H,0 (by loss of up to 58 of the nitrate and hydrate inventory), had occurred to form an
amorphous nitrate bearing product which is likely also hydrated, reported previously by Pacewska and
Keshr (2002), with a portion of the starting materialaéring in the sample. The weight loss profile
showed three distinct weight loss events; a broad weight loss belR€ 28@ributed to dehydration;

a sharp weight loss at 300; and a broad weight loss between-880°C consistent with the thermal
behaiours of both AI(NQ)s.9H,0 and Fe(N@)s.9H,O (Appendix, in agreement with Pacewska and
Keshr, 2002 and Melnikov et.aP014). Overall, these data imply that both AIQ§¢®H,O and
Fe(NQ)s:.9H,0O undergo (partial) dehydration and denitration to formraargstalline product (with

a portion of the starting material remaining) anedzeespectively.
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Figure 5.197 TGA analysis of samples a) AIN1350-3h,
b) AIN1-450-3h and c) AIN1-550-3h
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A matching set of reflections were shown in the XRD patterns of samples498i2h and AINZ
550-3h (Figure 5.18), attributed to the formation 0§@£02-915]. No reflections afitsutable to
Al(NO3)3.9H,0 were present. TGA analysis (Figure 5.19) showed total weight losses of the products
of samples AMN1450-3h and AMN1550-3h to be 19t% and 15n% respectively at 1000C. The
weight loss curves showed a broad weight loss b&RVYC, attributable to dehydration, with only a
further 45 % weight loss occurring between 2800°C. This is congruent with the thermal
behaviours of AI(NG):.9H0 and Fe(NG)s:.9H.O after calcination above 43Q (Appendix, in
agreement with Pacewskad Keshr, 2002 and Melnikov et,&2014). The evidence implied that no
reaction had occurred between Al(B$OH,O and Fe(N®3.9H,O, or their decomposition products;
although available literature (Tsuchida and Sugimoto, 1990) suggests the formatioorof
crystalline FeOs-Al 0 solid solution at these calcination temperatures cannot be discounted.

On addition of extra nitrate, in the form HN@amples AMN2350-3h, AMN2-450-3h and AMN2

550-3h), XRD analysis (Figure 5.20) showed a matching, pooyistaliine pattern for all products.

The weak reflections wAIfOg56a57k Therk was a mbtalilembsénoer mat i
of reflections attributable to AI(N§k.9H.O and FeOs. TGA analysis (Figure 5.21) showed the

products calcined at 35850 and 550C all showed weight losses of betweer22wt% at 1000°C.

The weight loss curves all showed a broad weight loss beloRCQ@atributable to dehydration, with

only a further 45 % weight loss occurring between 2B800°C. This is consisint with the thermal

behaviours of AI(NG)s.9H,0 and Fe(N®)s.9H,O at these temperatures (Appendix, in agreement

with Pacewska and Keshr, 2002 and Melnikov et2d114). Available literature (Li et.aR007)

showed that when calcined between-380°C, the decomposition products of AI(NR9H,O and
Fe(NQ)s:.9H,0, in the molar ratio used in these experiments, formed an amorphous product. It was

also reported that a mixture of Fe and Al, preheated at@0@rmed a poorly crystalline product,

withthebr oad peaks i n t h-Al,Os(8hahednams Hang, 2002), whichisd t o o
consistent with XRD and TGA findings. Thermal transformation of AKNOH,O under acidic
conditions is known to f or mAlfaDAGs00°CPaceavska d e c 0 mp O
and Keshr, 2004). However, Balek et(@003) reported that addition of &t o-Al s led to

for mat{Alegatt0C.U The r-A40emproductsAIN2350-3h, AIN2-450-3h

and AIN2-550-3h imply that the addition of extraNDs stabilises its formation, increasing the

dispersionofthe k®:c onst i tuents, therefor e-FeOs(Ghatwcenragd t he g
Hong, 2002) so it is not seen in these products. These findings suggest that the addition of extra

nitrate,in the form HNQ, s t a b i-Al.Osplease andlitherefare hinders the formation eOke

between 354b50°C, accounting for the differences in products containing different levels of nitrate.
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Figure 5.201 XRD analysis of samples a) AINZB50-3h, b) AIN2-450-3h
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Figure 5.21- TGA analysis of samples a) AIN2350-3h,
b) AIN2-450-3h and c) AIN2-550-3h
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From these experiments, itpgssible to infer and conclude:

1 Below 350°C: No reaction is evident between Al(B)e9H,O and Fe(NG)s.9H:O, or their
decomposition products; although they do undergo (partial) decomposition to form a non
crystalline phase and poorly crystalline®g A portion of the Al(NQ)3.9H,0O starting
material remained in the product.

1 Between 35650°C: The remaining Al(NG)3.9H,O undergoes dehydration and denitration
to form a norcrystalline product with F©s remaining in the product. No evidence of a
reaction is apparent, although the formation of aenystalline FeOs-AlOs solid solution
cannot be discounted.

T The addition of excess nitric aADphaseppeared 1
therefore hindering the formation of #&; between 35&G50°C.

5.3.1.1.7 LAIN1

The XRD pattern for sample LAIN250-3h (Figure 5.22) showed a strong set of reflections attributed
toLiINOs;[8-46 6] with poorl y cr yAbQ;B6-451]. Thkere pwereank geaksnat ¢ h e d
present matching AI(N&:.9H,0, Fe(NQ)s:.9H,0 or FeOs. Significant diffuse scattering was also

apparent, suggesting the presence ofargatalline component(s). TGA analysis showed a total

weight loss for sample LAINB50-3h to be7Owt% at 1000°C. Weight loss due to the complete

dehydration and denitration of the reagents would result in a weight losswt#®88t 1000°C, of

which 52wt% would be due to decomposition of Al(B)&9H.O, 21wt% due to Fe(Ng)s:.9H,0O and

10wt% LiNOs. This suggested a significant proportion of the hydrate and nitrate inventory was still
present. The weight loss profile showed three distinct events: a broad weight loss belGw 200

attributed to dehydration; and two sharp weight loss events &C4&0d 560C, neither of which are

consistent with the thermal behaviour of Al($9H.0, Fe(NQ)3.9H.O or LiNOs: (Appendix;

Pacewska and Keshr, 2002; Melnikov et 2014; Chun, 1977). The event at 360s typical of

denitration, however, the eventoocred at lower temperature than denitration of LiN§diggesting

the denitration of a distinct intermediate phase. The absence of Al and Fe containing crystalline
phases can be attributed t 6l phasewhichimpggbthen of a
grain growth of FgOs (discussed further in section 5.3.1.1.6). These data imply that no reaction had

taken place involving LiN@due to identification in the XRD analysis (Figure 5.22). Alg¢@H,O

and Fe(N@)3.9H.O undergo partial dehydrati@md denitration to form amorphous products. The

formation of a solid solution of AI(N§):.9H,O and Fe(N®)3.9H,O (or their decomposition products)

cannot be ruled out.

110



Weight (%)

Intensity (a.u.)

1=LINO;
2 = y-AlLO,

10

100 -
90 -
80 -
70
60
50 -
40 -
30 |
20
10 -

Temperature (°C)
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The XRD pattern of sample LAIN450-3h (Figure 5.24) showed reflections attributable to poorly
crystalline LiAL(OH)s(NOs).xH20 [51-:3 5 9 ] -Ah@:@56-457], with the same set of unidentified
crystalline reflections observed as in sample LAND and LAN1550. Strong diffuse scattering
was also apparent, suggesting the presence of amorphous component(s). No reflections
corresponding to LiNg) Al(NO3):.9H,0, Fe(NQ)s.9H,O or FeOs; were apparent in the diffraction
patterns. TGA analysis of LAIN450-3h (Figure 5.23) showed a total weight loss ofv% at
1000°C, indicating that a portion of the hydrate and nitrate inventory was retained. Tl vsgy
curve shows two distinct weight loss events atZD@nd 460C. The former could be attributed to
dehydration and the latter denitration. However, this does not fit with thermal behaviours ef LINO
AI(NO3)3.9H,0 or Fe(NQ)3.9H,O (Appendix;Pacewska and Keshr, 2002; Melnikov et 2014,
Chun, 1977), implying denitration of LiAIOH)s(NOs).xH20 as identified by XRD (Figure 5.24).
This Li-Al-LDH phase was also present in the reaction product LABO3h (discussed further in
section 5.3.1.8). Previous work by Kustrowski et §2005) showed that the #eation can replace
Al in the Li-Al-LDH structure. However, the formation of Lif®H)s(NO3).xH20 is known not to
occur (Kustrowski et 312005). Any remaining Fe in the product, therefanust be present in a ron
crystalline for m, -Ab®s, iniagreesiant withdsangple AINZ (section 5.8.1.1.6).
Overall, these data imply that LiN@eacts with AI(NQ)s.9H.0 to form a LDH of the type

LiAl 2(OH)s(NOs).xH20 plus an unidntified crystalline phase. Fe(M@9H.O does not appear to
react with either LiIN@or Al(NOs)3.9H,0O, shown by the similarity in products formed without the
presence of Fe (product LAN1), though available literature shows substitution of Fe inteAtlhe Li
LDH structure is a possibility (Kustrowski et,&2005) and formation of a poorly crystalline solid
solution between the decomposition products of AKNOH,O and Fe(NG)z.9H,O (Nayak et aj

1997) cannot be ruled out. These findings are consistent with the previous reaction (LAN1) between

Li and Al nitrates forming LiAl(OH)s(NO3).xH2O and an unidentified crystalline phase, thought to be
Li rich; see section 5.3.1.1.3. It also supportedabnclusions for section 5.3.1.1.6 (products AIN1
and AIN2) which suggested AI(NJR.9H,O and Fe(NG)s.9H.O do not react together, but can form
solid solutions in their oxide forms, in agreement with Nayak.¢1897) and Tsuchida and

Sugimoto (1990).
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1 = LiAl,(OH)4(NO;).xH,0

2 = LiAL(OH),.2H,0

3 = Unidentified Reflection
4 =y-Al,O,

2,4
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Intensity (a.u.)
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Figure 5.247 XRD analysis of samples a) LAIN1450-3h and
b) LAIN1-5503 h using Co KU1 A)jadiation (@&

XRD analysis of product LAIN-B50-3h (Figure 5.24) showed reflections attributed to

LiAl 2(OH)7.2H,0 [40-7 1 0 ] -Ah@:56-457], plus the ame unidentified crystalline intermediate
as formed at 458C and in sample LANB50 (section 5.3.1.1.3). Diffuse scattering was also
observed, indicating the presence of sooystalline component(s). Reflections corresponding to
LiINOs3, Al(NO3)3.9H,0, Fe(NG)s.9H,0 or FeOs; were noticeably absent from the diffraction
patterns. TGA analysis of LAING50-3h (Figure 5.23) showed a total weight loss of\2% at
1000°C, showing partial retention of the volatile inventory. The weight loss curve shawedd
weight loss event below 20C, typical of dehydration, with a gradual weight loss occurring above
200°C showing no distinct events. This is in agreement with the thermal decompositions of
Al(NO3)3.9H,0 and Fe(NG)s.9H,0, which both show almost cqiete dehydration and dehydration
above 550C (Appendix; Pacewska and Keshr, 2002; Melnikov e28i14). However, this does not
fit with thermal behaviour of LiN@which shows a sharp denitration event occurs abové®00
(Appendix; Chun, 1977). Thdentification of LiAL(OH)7.2H,O by XRD (Figure 5.24) implies the
denitration of LiAk(OH)s(NO3).xH20 occurred between 4850°C, consistent with the weight loss
event observed in TGA analysis of product LAH¥A0-3h. The formation of LiAOH),.2H.O was
not seen in sample LAN1 (section 5.3.1.1.3), suggesting the presence of Fe has an effect on the
denitration temperature of the-Al-LDH phase. Overall, these data imply that the formation of
LiAl 2(OH)-.2H.0 takes place between 4580°C, via dehydration and denitration of

LiAl 2(OH)s(NOs).xH-0, formed at 450C. The unidentified crystalline phase, formed between 350
450°C, remained stable in the product after calcination aP650This is in agreement with sections
5.3.1.1.3and 5.3.1.1.6.
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From these experiments, it is possible to infer and conclude:

1 Below 350°C: no reaction had taken place involving LipMiith either AI(NQ)3.9H,0 or
Fe(NQ)s:.9H,0, although Fe and Al nitrates do undergo partial dehydration and denitration to
form amorphas products. The formation of a solid solution of AIG®H.O and
Fe(NQ)s.9H,0 (or their decomposition products) cannot be ruled out.

1 Between 358150°C: LiNOs reacts with AI(NQ)3.9H,O to form LiAl;(OH)s(NOs).xH20 plus
an unidentified crystalline phase andedsting norcrystalline phase. This is consistent
with the previous reactions (LAN1) between Li and Al nitrates forming
LiAl 2(OH)s(NOs).xH-0; see section 5.3.1.1.3. It also supported the conclusionfimmse
5.3.1.1.6 (products AIN1 and AIN2) which suggested AIgNOH,O and Fe(N®)s.9H.O do
not react together, but can form solid solutions in their oxide forms.

1 Between 456&650°C: formation of LiAL(OH);.2H,O occursvia decomposition of
LiAl 2(OH)s(NOs).xH20. The unidentified crystalline phase remained present in the product
along with a ceexisting norcrystalline phase.

5.3.1.2 Freeze dryer experiments
5.3.1.2.1 AMN1

Freeze drying was used to identify the products present in the short simulaohsdiytdrying the

product without heating it. This provided a solid sample allowing analysis to be carried out to
identify the species present. It also yielded a product which could be further calcined at short
residence times, without the concernslash boiling, as would be experienced in the calcination

process on the VTR.

The XRD pattern for sample AMNED (Figure 5.25) showed reflections attributed to
Mg(NOs)2.6H,0 [14-101] and Al(NQ)3.9H,0 [12-472]. TGA data from AMNIFD (Figure 5.28)
produceda weight loss curve with a very similar profile to that produced from summation of the
weighted summed data of Mg(NR6H,0O and AI(NQ)s.9H.O. The weight loss achieved at 100
was 84wt%, identical to that expected from the weighted contributioheiridividual components

at this temperature (Figure 5.26). These data show that no observable reaction had taken place

between the component nitrates during the freeze drying process.
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Figure 5.2517 XRD analysis of sample AMN1FD
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Figure 5.261 TGA analysis of samples AMN1FD and AMN1-350-5m,
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The XRD patterns of the products from calcination of AMRD at 350°C and 450C, for 515 mins,
are shown in Figures 5.27 and 5.28, respectively. Tdetseshow the presence of Mg(N£6H.O

in all products, but the absence of Al(B¢€9H,0, no reflections could be conclusively assigned to
any reasonable Al bearing phase. All diffraction patterns exhibit significant diffuse scattering,
implying the preence of an additional nesrystalline phase. XRD data of the products of calcination
at 350°C and 450C, show additional reflections associated with an unidentified phase, which
increase in relative intensity with reaction time. Since reflections associated with Mg@keD do

not show a reciprocal decrease in relative intensity (except after reacis@°e€ for 15 min), it is
thought probable that the unidentified phase may crystallise from the amorphous component,
incorporating Al. The reflections associated with this unidentified phase were not observed in the
XRD data of AMN1350-3h or AMN1-450-3h, which implies that this phase is a metastable
intermediate. TGA data of the products of calcination at’@5@ere essentially identical,

irrespective of reaction time, therefore only data from product ANBIa5m are shown in Figure
5.26. The preseroof Mg(NG)..6H.0 in all products is in agreement with TGA data from these
products, Figures 5.26 and 5.29. These data showed weight loss events in the temperature- range 270
400°C associated with the (reversible) dehydration of this material (Appemdik)denitration
occurring above 408C, as discussed in Section 5.3.1.1.1 and in agreement with previous work by
Paulik et al(1988). XRD data for the products of calcination at 450show that the relative

intensity of reflections associated with [is)..6H,O decrease with increasing reaction time, are
consistent with denitration of this material above 4D0 The absence of Al(N{R.9HO in all

products is also in agreement with TGA data of this material, with dehydration and denitration
occurringbelow 400°C (Appendix), to produce a namystalline product (Pacewska and Keshr,
2002).

1=Mg(NO,),.6H,0
1 2 = Unidentified reflection

15 mins

Intensity (a.u.)

b) . § ': 10 mins

10 20 30 40 50 60 70 80

2theta (degrees)

Figure 5.271 XRD analysis of samples a) AMN4350-5m,
b) AMN1-35010m and ¢) AMN13501 5m using Cu KU1 Aadiati on
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Figure 5.287 XRD analysis of samples a) AMN#50-5m, b) AMN1-450-10m
andc) AMN1-4501 5m using Cu KU1 Aadiation
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Figure 5.291 TGA analysis of samples AMN1450-5m,
AMN1-450-10m and AMN1-450-15m
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Figure 5.30 shows XRD data of the produaitsalcination of AMN1FD at 55(°C, for 515 mins;
these data clearly show the formation of MgO. All diffraction patterns exhibit significant diffuse
scattering, implying the presence of an additionalerystalline phase. Consistent with these
obsenations, TGA data (Figure 5.31) did not show clearly defined weight loss events in the
temperature range 28D0°C associated with the (reversible) dehydration and denitration of
Mg(NO3)2.6H0. The absence of AI(NgR.9H:0 in all products is in agreemenith TGA data of

this material, with dehydration and denitration occuring below’@0@ppendix); this is consistent
with available literature in which decomposition of Al(BJ¢9H,O at 350°C is reported to produce
noncrystalline product (Pacewska andgfir, 2002). The products of calcination of AMRD at
550°C produced a total weight loss of @8% at 1000°C, irrespective of reaction time, which implies
retention of substantial fraction of the nitrate inventory within the amorphous componentctProdu
AMN1-350-5m produced a total weight loss of Wi at 1000°C, compared to the total expected
weight loss of 83t% corresponding to complete denitration and dehydration of the reagents to form
the corresponding metal oxides. This implies partial QuU0©%6) decomposition of Al(N€)s.9H,O

at 350°C for 15 min, to form an amorphous nitrate bearing product which is likely also hydrated
(assuming reversible dehydration of Mg(§£6H.O). The total weight loss of products AMMSB0
increased with increagjrreaction time, from 7&1t% for 5 min reaction to 5&t% for 15 min

reaction, due to denitration of Mg(NJ2.6H.O.

15 mins
b)

Intensity (a.u.)

10 mins

10 20 30 40 50 60 70 80

2theta (degrees)

Figure 5.301 XRD analysis of samples a) AMN4550-5m, b) AMN1-550-10m

andc) AMN155015m using Cu KU1 Aadiation (@&
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Figure 5.317 TGA analysis of samples AMN1550-5m,
AMN1-550-10m and AMN1-550-15m

Overall, these data are consistent with experiments carried ouhfdui@tion over the same
temperature range, as discussed in Section 5.3.1.1.1, but provide some additgiradmalsclarity

on the reaction kinetics and mechanism. The key additional findings are that the unidentified
intermediate phase formed at 48Dfor 3h and layered double hydroxide phase
(MgaAI(OH)3+2¢(NOs)c.xH-0 formed at 550C for 3h, result fromthe extended reaction time and are
therefore unlikely to occur in the HAL calciner. Experiments conducted using the freeze dried
material at 58 °C for up to 15 min show that the kinetic product of calcination is MgO, which must
then react with the necrystalline Al nitrate hydrate phase to yield the double layered hydroxide
phase observed in the AMMNBE0-3h experiment.

5.3.1.2.2 LMN1

Figure 5.32 sbws the XRD pattern for sampléMN1-FD, in which all reflections coulbeattributed

to LINOs or Mg(NG;)..6H,O (ICDD cards [8466] and [14101], respectively). TGA data from
LMN1-FD (Figure 5.33) produced a weight loss curve with a very similar profile to that produced
from summation of the weighted summed data of Lildd Mg(NQ)..6H,O. The weight loss
achieved at 1000C was 98nt%, somewhat greater than thewdB6 expected from the weighted
contribution of the individual components at this temperature (Figure 5.33). This discrepancy is
likely due to incomplete removal of water during the freeze dryinggss. These data show that no

observable reaction had taken place between the component nitrates during the freeze drying process.
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Figure 5.327 XRD analysis of sample LMN1F D
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Figure 5.331 TGA analysis of sampes LMN1-FD,
LMN1-35015m, LMN1-450-15m and LMN1-550-15m
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XRD analysis of product LMNB50-15m (Figure 5.34) showed the retention of LiNDd
Mg(NOs)..6H.0O. TGA data of this product (Figure 5.33) afforded a weight loss profile very similar
to thatproduced from summation of the weighted summed data of L8%@ Mg(NQ)..6H.0,
consistent with the retention of these crystalline compounds. The weight loss achieved®@t 1000
was 83wt% compared to the 86t% expected from the weighted contributiortlod individual
components at this temperature (Figure 5.33). This supported the XRD data (Figure 5.34) which
showed no reaction between Libl@nd Mg(NQ)..6HO had occurred. XRD and TGA data from the
product calcined for 15 min at 380 were identicald those obtained from products calcined for
shorter time periods, hence the latter are omitted for brevity.

1= LiNO,
2 = Mg(NO,),.6H,0
3 3 = Mg(OH),
‘C) i 3
| A | |
\/ M | \

. 3 I
\ | 3
\A"‘W\wlup 33 s5pec
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Figure 5.341 XRD analysis of samples a) LMN4350-15m,
b) LMN1-450-15m and ¢) LMN1-5501 5m usi ng Cu KU1l Aadiation (

XRD analysis dproduct LMN2450-15m (Figure 5.34) afforded a complex diffraction pattern that
could not be matched (in part) to any reference pattern in the ICDD database, relevant to the phase
diagram; the presence of significant diffuse scattering implies tegigence of a nowrystalline

phase. Reflections corresponding to crystalline Li@d Mg(NQ)..6H.O could not be identified in

the diffraction pattern. The unidentified phase(s) were different to that observed after reactipn at 3
as described in Sectid.3.1.1.2 (Figure 5.6). TGA data of this product (Figure 5.33) afforded a
weight loss profile in which the denitration weight loss events characteristic ofl(#1600°C) and
Mg(NO:s)..6H,0 (at 400°C) were much less distinctive, particularly thger. The weight loss

achieved at 1008C was 68nt%, consistent with incomplete dehydration and denitration. XRD and
TGA data from the product calcined for 15 min at 45Qvere identical to those obtained from
products calcined for shorter time pelso hence the latter are omitted for brevity. These data imply
reaction between LiNg€and Mg(NQ)..6H,O, involving partial denitration, to afford an unidentified
crystalline intermediate(s), which are metastable, since calcinatiorhfpr@&luces a diéirent

unidentified product.

121



XRD analysis of product LMN:-B50-15m (Figure 5.34) revealed the presence of Mgg@b)

existing with at least one other unidentified phase. No reflections could be assigned to the unknown
phase(s) formed by reaction at £81) implying that these phase(s) have limited thermal stability.

TGA data of this product (Figure 5.33) afforded a weight loss profile in which the denitration weight
loss characteristic of Mg(N§R.6H,O (at 400°C) was a minor contribution whereas that.idO3 (at

600°C) was absent. The weight loss achieved at 2000as 60nt%, suggesting retention of a
significant hydrate and nitrate inventory. XRD and TGA data from the product calcined for 15 min at
450°C were identical to those obtained from prots calcined for shorter time periods, hence the

latter are omitted for brevity. These data imply the unidentified crystalline intermediate(s) formed at
450°C decompose at higher temperature, yielding primarily Mg¢@slg kinetic product. An

extende reaction time results in dehydroxylation of Mg(Qkyrming MgO, as discussed in Section
5.3.1.1.2.

Overall, these data are consistent with experiments carried ouhfdui@tion over the same

temperature range, as discussed in Section 5.3.1.1 ghdwtthat different products are formed

under kinetic control. In summary, it is possible to infer the following sequence of reactions, relevant
to the timescale of calciner operation:

1 Below 350°C: LiINOs; and Mg(NQ)..6H,O do not undergo any significargaction.

1 Between 358150°C: the primary reaction is between Liblénd Mg(NQ)..6H,O to form a
metastable crystalline intermediate compound, likely a mixed nitrate hydrate of Mg and Li; a
noncrystalline phase is also formed.

1 Between 45650°C: the metasmble intermediate compound decomposes to form Mg{OH)
and a crystalline and amorphous phase, which must.bgach nitrate phase possibly

incorporating a small amount of Mg.

5.3.1.2.3 LAMN1

Figure 5.35 shows the XRD pattern for sample LAMRD, in which all reflections coultbe

attributed to LINQ, Mg(NGOs)2.6HO or Al(NOs)3.9H0 (ICDD cards [8466], [14101], [12472],
respectively). TGA data from LAMNED (Figure 5.38) produced a weight loss curve with a very

similar profile to that produced frosummation of the weighted summed data of LiNd@d

Mg(NOs)..6H.0O. The weight loss achieved at 10@was 8n:t%, identical to that expected from the
weighted contribution of the individual components at this temperature (Figure 5.36). These data
confirmthat no observable reaction had taken place between the component nitrates during the freeze

drying process.
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Figure 5.351 XRD analysis of sample LAMNAFD usi ng Cu KU1
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Figure 5.361 TGA analysis of samples LAMNXFD, LAMN1 -350-15m,
LAMN1 -450-15m and LAMN1-550-15m
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The XRD patterns of products LAMN350-5m and LAMN21350-15m are shown in Figure 5.37 and
reveal the presence of LiN@nd Mg(NQ)..6H,0 in all products. The absence of Al(¢PH0 in
products calcined at 33C and above is in agreement with TGA data of this material, with

dehydration and denitration occurring below 400 Appendix), to produce a namystalline product
(Pacewska and Keshr, 2002). This would account for the observed diffuse scatteringffrattiedi
pattern, implying the presence of an additional-astalline phase. The weight loss of product
LAMN1-350-15 at 1000C was 8Iwt%, close to that expected from the weighted contribution of the
individual components at this temperature (FiguBsp These data suggest that no observable
reaction had taken place between the component nitrates during calcination, except for the expected
decomposition of Al(NG)3.9H0.

1= LiNO;
2 = Mg(NO5),.6H,0
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Figure 5.371 XRD analysis of samples LAMN1350-5m and
b) LAMN1-35015mushg Cu KU1l radidAtion (& = 1.54;¢

The XRD pattern of product LAMN450-5m (Figure 5.38) shows the retention of Lijshd

Mg(NOs)..6H.0 after 5 min reaction time at 480; the presence of significant diffuse scattering also
implies the presence of an additional fwopstalline phase. No reflections associated with

Mg(NOs)..6H.O were observed after a reaction time of 15 min at°@€5@s shown by the XRD

pattern of producLAMN1-450-15 (Figure 5.38). Calcination of LAMNED at 450°C also leads to

the formation of an unidentified crystalline phase, as shown in Figure 5.38, associated with
unassigned r ef |° 2245 aod36.93a Thes? flectiond Mdichio®e associated

with the unidentified phase produced by calcination of AMN1 at’@5@uggesting the formation of

the same phase, which was thought to be an Al bearing compound; these data are consistent with that
hypothesis. Product LAMN450-15 shoved a lower weight loss of #0t% at 1000°C, compared to

the product of calcination at 358G, consistent with substantial denitration of Mg@¥®H.O.
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Figure 5.387 XRD analysis of samples LAMN21450-5m and
b) LAMN1-45015m using Cu KU®46h)adi ati on (o =

The XRD patterns of products LAMNA50-5m and LAMN21550-15m (Figure 5.39) show that
calcinationat550C y i el ds -AW@sCeflpctionssattributed to the unidentified phase and
LiNO; observed at 458C were not apparent in thedidfraction patterns. The significant diffuse
scattering in the diffraction pattern also implies the presence of an additioredystalline phase.
Product LAMN1550-15m showed a lower weight loss of w6 at 1000°C, consistent with further
denitraton of the freeze dried material. The presence of the weight loss event@tiSa@nsistent
with that observed after calcination fohat 550°C, though after 8, the formation of MgAIO,
appeared to have taken place. This was due to 4&8dtdhg & a molten salt, facilitating the reaction
through a templatgrowth mechanism. This type of reaction takes place through the following
pathway (SafaeNaeini, 2011):

1. Diffusion of dissolved MgO (in the form of M) o PALt.@; pasticle surfaces.
2. Diffusion of MgO (probably in the formof M) t o t h e-AlyOpcore throughetie 9
formed continuous MgAD, spinel layer.

3. Reaction between di f-AlilDsed MgO and unreacted

The fact that this takes place through a diffusion mechanism suggestsctimmresuires a

significant time factor to allow it to occur. This is consistent with the observation of both MgO and
2-Al ;05 after 15 mins, with MgAIO. being formed after B. These data imply that after calcination
at550°C, Mg O-AlgOpade fovmed with Li being incorporated into the rogstalline phase,

same as seen afteh3. Thi s s ugg eAs0zare thenkedtic pkbdults, eelevant to the
timescale of the fulscale calcination process, with further reaction yielding M@Aat longer

residence times.
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Figure 5.391 XRD analysis of samples LAMN1550-5m and
b) LAMN1-55015m using Cu KU1 Aadiation (@&

Figure 5.40 compareti MAS NMR data from LiINQ, LAMN1-FD, and LAMN:350-15m,

measured relative to LiCl (thestemate accuracy of the derived chemical shifts is £ 0.02 ppm). The
spectrum of LiNQ shows a resonance centereela®9 ppm, with a small broad component centered
at-1.33 ppm attributed to a small fraction of hydrated non crystalline material’LITR&/IR

spectrum of the freeze dried material, LAMIND, exhibits a broad resonance@t1 ppm and a

very broad resonancé.47 ppm; the former resonance is therefore attributed to chemical environment
LiNO3, whereas the latter is attributed to a distritmutdf chemical environments present in the
amorphous phase(s), consistent with the analysis of XRD data’LiTH®IR spectra of products
LAMN1-350-15m and LAMN1450-15m were dominated by a sharp and intense resonance centred at
7 0.10 ppm, associated withe Li chemical environment in crystalline LiNQonsistent with

analysis of XRD data. An additional broad signal centeretl48 ppm, attributed to the presence of

a noncrystalline phase in freeze dried material, was apparent in the spectrumuaftphrAtMN1-

350-15m but not LAMN1450-15m (Figures 5.40 and 5.41). These data therefore suggest that Li is
consumed from the neerystalline component as the reaction proceeds. ‘OiN¢MR spectra of

products LAMN1550-15m and LAMN1550-3h (Figure 5.41) we dominated by a single, but
asymmetric intense resonance centere@.86 ppm. The relatively sharp nature and significantly

lower chemical shift of this signal suggest that it is associated with a crystalline chemical environment

different from LiNQ; (consistent with the absence of the latter in XRD data of these products). Since

1

product LAMN15503 h was found t o c onrih.0sbg¥RDRAanalgsslthe cr yst al
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NMR data may suggest incorporation of Li in this phase (and its metagtablesors) by a solid

solution mechanism. This is somewhat contradictory to the XRD data, which suggested a non

crystalline phase, likely to contain,vas formed. It should be noted, however, that the XRD'laind

MAS NMR were carried out several moathpart. It was therefore possible that either, through

further diffusion reactions, L FAI.@¢ atreicturenoctioer por at e ©
noncrystalline phase becomes crystalline over time. Balsamo(@0DaPR) showed that lithiurman

be incorporated into the MgAD, structure to form a mixed metal oxide, comprising Li, Mg and Al.

From these data we can infer and conclude the following relevant to the timescale of calciner
operation:
1 No observable reaction had taken place betweewcdmponent nitrates during the freeze
drying process.
1 Below 350°C: No observable reaction had taken place between the component nitrates during
calcination, except for the expected decomposition of ANEH,O.
1 Between 358150°C: An unidentified phas thought to be an Al bearing compound was
formed. At longer reaction times, substantial denitration of MgjhN&H,O occurred.
LiINO; remained unreacted in the product.
1 Between 45650°C : Mg O-Alglawekere identified by XRD. The reflections attriled
to the unidentified phase observed at A6@nd those associated with Libl®@ere not
apparent in these diffraction patterns. The significant diffuse scattering in the diffraction
pattern also implies the presence of an additionalangstalline phas likely containing Li.

—LiNO3
—LAMN1-FD

3 —LAMN1-350-15m

s

2

7]

c

2

£
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Figure 5.407 “Li MAS NMR spectra of samples
LAMN1 -FD and LAMN1-350-15m
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Figure 5.417 'Li MAS NMR spectra of samples
LAMN1 -450-15m, LAMN1-550-15m and LAMN1-550-3h

5.3.1.3 Small scale calciner experiments
5.3.1.3.1 LAMN1

In order to determine a best estimate of the temperatures which the calcine experiences in the full
scale calcingon processsome ofthe short simulantwere run through the small scale calciner. The
rotating kiln section (calciner) is approximately adhiff the size of the full scale and was the closest
representation of the actual process available. By comparing the analysis carried out on the small
scale calciner samples with the lab scale and freeze dried samples, the temperatures eXpdtience

calcination process coulik estimated.

The XRD patterns of product LAMNS$SG600 (Figure 5.42) showed a set of reflections attributed to
poorly crystalline MgO with significant diffuse scattering in the diffraction pattern also implying the
presence ofraadditional norcrystalline phase. No reflections attributable tgOAlor LINOs were
observed. TGA analysis (Figure 5.43) showed a weight losswf%4at 1000°C, identical to that of
sample LAMN1550-15m, with the same sharp weight loss event at660dentification of MgO by
XRD analysis, plus significant diffuse scattering indicating a-crgstalline component, was also in

agreement with data from the product calcined at’85@r 15 mins.
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Figure 5.427 XRD analysis of sample LAMN:1SSG600
using Co KU1l rakiation (& = 1.789

Figure 5.431 TGA analysis of sample LAMN1:SSG600
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