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ABSTRACT 
 
This paper describes the results of work to bring forward the timing for the immobilisation of first cycle raffinate 
from reprocessing fuel from the Dounreay Prototype Fast Reactor (PFR).  First cycle raffinate is the liquor which 
contains > 99% of the fission products separated from spent fuel during reprocessing. Approximately 203 m3 of 
raffinate from the reprocessing of PFR fuel is held in four tanks at the UKAEA's site at  Dounreay, Scotland. 
 
Two methods of immobilisation of this high level waste (HLW) have been considered: vitrification and cementation. 
Vitrification is the standard industry practice for the immobilisation of first cycle raffinate, and many papers have 
been presented on this technique elsewhere.  However, cementation is potentially feasible for immobilising first 
cycle raffinate because the heat output is an order of magnitude lower than typical HLW from commercial 
reprocessing operations such as that at the Sellafield site in Cumbria, England. In fact, it falls within the upper end 
of the UK definition of intermediate level waste (ILW).  
 
Although the decision on which immobilisation technique will be employed has yet to be made, initial development 
work has been undertaken to identify a suitable cementation formulation using inactive simulant of the raffinate. An 
approach has been made to the waste disposal company Nirex to consider the disposability of the cemented product 
material.  
 
The paper concentrates on the process development work that is being undertaken on cementation to inform the 
decision making process for selection of the immobilisation method. 
 
INTRODUCTION 
 
The United Kingdom Atomic Energy Authority (UKAEA) has built and operated a wide range of nuclear facilities 
since the late 1940s for the development of all aspects of atomic energy research including reactor systems, fuel and 
reprocessing technology and fusion. Latterly, UKAEA has been tasked with managing the liabilities from these 
nuclear facilities. 
 
UKAEA’s current mission is to restore the environment of our sites in a way that is safe and secure, is 
environmentally responsible, provides value for money and is publicly acceptable. This restoration includes the 
decommissioning and removal of all redundant facilities and the conditioning of waste generated from this process 
to produce passively safe waste packages for long-term storage and eventual disposal in accordance with UK 
Government policy. 
 
First cycle raffinate from reprocessing the fuel from the Prototype Fast Reactor (PFR) contains one of the largest 
inventories of radioactivity on the UKAEA's Dounreay site. Conversion of this material to an immobilised form for 
long term safe storage has a high priority.   The current reference strategy for immobilisation of this high level waste 
involves construction of a new vitrification plant by 2012.  Until then the waste will continue to be stored in tanks. 
However, recent assessment work has indicated that it might be technically feasible to modify an existing 
cementation plant to process the PFR raffinate. This would allow immobilisation of the wastes to be completed with 
significant savings in both cost and timescale. 
 
This paper describes ongoing process development work to verify whether cementation of the PFR raffinate  would 
be technically feasible. 
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UK WASTE MANAGEMENT STRATEGY 
 
It is UKAEA policy that radioactive wastes should be treated by putting the wastes in a chemically and physically 
stable form so that they can be stored in a safe  condition.  As far as practicable, the treated wastes should be 
compatible with future disposal requirements. To ensure that this is so, intermediate level radioactive waste (ILW) is 
packaged in accordance with a waste packaging specification developed by Nirex, the UK organisation charged with 
the development of a disposal route for ILW. 
 
Uncertainties regarding acceptance by Nirex of final wasteforms are dealt with through the “Letter-of-Comfort” 
(LoC) application process.  This process enables a wide variety of issues to be addressed for each ILW package 
type, and minimises the risk that waste packages would be unsuitable for disposal in a future national waste 
repository.   Details of the Nirex waste package specification are given in Nirex report N/007, which can be obtained 
from the Nirex website (www.nirex.co.uk). 
 
DESCRIPTION AND HISTORY OF PFR RAFFINATE 
 
The Prototype Fast Reactor (PFR) was a pool-type, sodium cooled, fast breeder reactor using fissile fuel (consisting 
of uranium and plutonium mixed oxide pellets clad in stainless steel and nimonic alloys) and fertile breeder material 
(depleted uranium). It was designed to demonstrate the key engineering, technical, economic and safety features of a 
large commercial fast reactor. The reactor first went critical in 1974 and ceased operation in 1994. The majority of 
spent fuel pins were cropped and dissolved in nitric acid. The dissolved fuel solution was fed to a solvent extraction 
plant. Three cycles of solvent extraction were used to separate fission products, uranium and plutonium. The first 
solvent extraction cycle removed more than 99.9% of the fission products into the highly active aqueous raffinate 
stream, together with higher actinides (alpha emitters). 
 
The radioactive liquor arising from the first cycle in PFR fuel reprocessing is known as PFR raffinate and is 
currently stored in purpose-built High Active Liquor (HAL) tanks on the Dounreay site.  There are eighteen tanks, 
of which four have been used to store PFR raffinates.  A total of 35 te of heavy metal from PFR fuel and residues 
from PFR fuel element manufacture were reprocessed. Almost 50% of the fuel processed consisted of breeder 
elements, which have low fission product content relative to standard fuel elements. 
 
The current holdings are summarised in Table I. 

 
Table I.  Total activity content and volume of the wastes, as currently stored 

 Tank 13 Tank 14 Tank 15 Tank 16 Total 

Total beta/gamma  TBq 7.10E+02 1.34E+04 2.23E+04 1.08E+05 1.67E+05 

Total alpha  TBq 2.57E+03 3.74E+02 5.75E+02 4.28E+03 8.07E+03 

Volume  m3 45.6 26.7 49.4 81.04 202.74 

Beta/gamma  TBq/m3 1.56E+01 5.02E+02 4.52E+02 1.34E+03 8.24E+02 

Alpha  TBq/m3 5.63E+01 1.40E+01 1.16E+01 5.28E+01 3.98E+01 
 
 
PFR fuel reprocessing ceased in 1997 and no more PFR fuel will be reprocessed at Dounreay.  
 
The raffinate consists of a 4-9 molar nitric acid solution containing high levels (>1% average) of copper and sodium, 
and significant levels (>0.1%) of iron, cadmium, nickel, zinc and sulphur.  The copper and zinc arise because of the 
use of a brass basket for the dissolution of the fuel.  Cadmium was added for criticality control in a small number of 
campaigns when the Pu:U ratio was high, notably when processing residues.   
 
Up to 1992, the raffinate tanks were filled in turn, with Tank 13 being reserved for unirradiated fuel and residue 
recovery work.  During 1992, an evaporator was commissioned and used to reduce the volume of the raffinates by 
evaporation, with the concentrate often being stored in a different tank to that from which it was removed.  In 
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particular all the contents of Tanks 14 and 15 were concentrated and transferred to Tank 16.  Further raffinates have 
also been added from reprocessing operations since 1992.  These were mainly produced from breeder fuel and 
residues, so that the activity concentration was lower than previous arisings.   In consequence of these transfers, the 
raffinate in Tank 16 has a significantly higher  concentration of fission products and is therefore more heat 
generating than that in the other tanks. 
 
The raffinate has to date been classified as HLW, and is identified in the UK Radioactive Waste Inventory as waste 
stream 5B01 (1). Calculations show that the heat output of the encapsulated waste packages (at the time of despatch 
to a National Repository) would be less than the 50 W per 500 litre drum limit defined in Nirex’s Waste package 
specification.  Under the current UK definition,  the waste may, therefore, be re-categorised as ILW and be 
acceptable for disposal at a National Deep Waste Repository. 
 
OPTIONS FOR IMMOBILISATION 
 
A Best Practicable Environmental Option (BPEO) study has been carried out on 13 different options covering both 
intermediate storage and final disposal of the waste.  A BPEO study is a formal method of identifying and  scoring 
options against a predefined set of criteria. 
 
Two methods of immobilisation of this first cycle raffinate for disposal have been considered: vitrification and 
cementation. Vitrification is the standard industry practice for the immobilisation of such waste. Cementation is 
possible because the heat output from PFR raffinate is relatively low, at a maximum of 135 W/m3 of raw raffinate. 
This compares with around  1,600 W/m3 from the stocks of commercial thermal oxide raffinate such as that 
reprocessed by BNFL at Sellafield, which would not be suitable for cementation.  
 
No decision has been made as yet.  A considerable amount of work has been done previously within UKAEA to 
explore the vitrification method and this is briefly summarised below.  However, the paper concentrates on the 
ongoing process development work which is being carried out to determine the feasibility of immobilisation in 
cement. 
 
Vitrification 
 
UKAEA has carried out studies on a number of vitrification technologies.  These studies indicate that the most 
suitable technology (given the relatively small volumes of raffinate under consideration) would be either a German 
designed Joule-heated, ceramic-lined melter (JCM) or a French  designed cold crucible melter (CCM), rather than 
the calciner / melter design used by BNFL at Sellafield.  Both options are based on incorporation of fission products 
and higher actinides in a borosilicate glass matrix.   
 
In a JCM plant, raffinate is fed along with glass-forming additives (frit) to a refractory-lined melter crucible, which 
is heated to 1180C. Nitric acid and water are driven off and the remaining salts calcined to the corresponding oxides 
in a "cold cap" on top of the pool of molten glass.  These additives combine with the glass frit to form the 
borosilicate glass.  The glass is mixed by natural convection to form a homogeneous product.  The off-gas is passed 
through a scrubber and two-stage HEPA filter system.   Batches of glass product are poured into canisters. Trials 
have been successfully carried out using simulant PFR raffinate in a JCM pilot plant at Karlsruhe, Germany. 
 
In a CCM plant, raffinate plus glass frit are fed to a  water-cooled segmented wall stainless steel crucible, where 
they are heated by the joule effect from  induction coils placed around the outside.   Molten glass forms a thin solid 
frozen layer on the cooled wall, protecting the wall from the corrosive effects of the molten glass.  This allows 
higher temperatures and greater operating flexibility compared with ceramic-lined melters.  As with the JCM, the 
off-gas is scrubbed and filtered.   
 
A third possible option is to transport the PFR raffinate from Dounreay to Sellafield by road, rail or sea for 
vitrification.  This option would require a Public Inquiry, in which public concerns about the transport may dominate 
other issues. 
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Cementation 
 
Cementation of low and intermediate level radioactive wastes is a mature technology which is used worldwide. 
UKAEA has already developed a cementation plant - the Dounreay Cementation Plant (DCP) -  which  can 
immobilise first cycle raffinate from Material Testing Reactor (MTR) fuel reprocessing into  500 litre stainless steel 
drums in accordance with the Nirex Waste Packaging Specifications.  MTR raffinate is significantly different from 
PFR raffinate, in that it contains much less fission product and is less heat generating.  It also has a lower pH and 
contains fewer alpha emitters. 
 
The process for cementation of  MTR raffinate consists of the following steps: 
 
• transfer:  the liquid waste is transferred through a pipeline from the storage tanks to the DCP 
• analysis:  on receipt it is analysed to confirm the chemical composition and radioactive contents 
• neutralisation:  as the raffinate is highly acidic it is neutralised with a sodium hydroxide solution to produce a 

form that is compatible with cementation 
• mixing:  a fixed volume of neutralised raffinate is metered into a 500 litre drum and is mixed with blended 

cementitious powders using the lost-paddle technique (i.e. in-container mixing process) 
• capping:  after the cement is set, the drum is capped with an inactive grout 
• inspection:  the external surfaces of the drum are inspected to verify the absence of radioactive contamination 
• storage:  the completed drums are transferred to an adjacent drum store.  The drum store is designed to provide 

suitable environmental conditions for storage for up to 100 years. 
 
 
Preliminary studies indicate that DCP could immobilise the PFR raffinate.  However, this is currently being assessed 
from a technical aspect, which may lead tot he the design of a purpose built second DCP based on the methodology 
for immobilising MTR raffinate. A potentially significant difference between the two wasteforms is the higher levels 
of alpha radiation in PFR raffinate which may affect the physical durability of the cemented waste. Alpha radiation 
damage can lead to loss of strength in the matrix through atomic displacements and the generation of hydrogen gas.  
 
UKAEA develops suitable cement formulations and processes for each waste stream that requires conditioning 
through cementation (or other techniques) through the following stages: 
 
• characterisation of each waste stream (i.e. its chemical and radionuclide inventory and identification of any 

special hazards) 
• evaluation of different encapsulation or immobilisation matrices for each waste stream and selection of 

preferred matrices. 
• production of a database of information for each waste stream in its preferred encapsulation matrix such that all 

the requirements of waste management from initial waste processing to disposal in a repository are met.  In 
particular it is necessary to demonstrate the performance of the formulation with respect to the required product 
properties, including: 
- mechanical properties 
- physical properties 
- physical / chemical stability 
- impact performance  
- radiation stability 

• for each waste stream the definition of the acceptable formulation envelope. This work will also define the 
process envelope.  The information generated is used for plant design, to set operational limits and to provide 
information for submissions to Nirex in the letter of comfort procedure. 

 
The components of cementation formulations may be classified as:  hydraulic cements (or binders), aggregates and 
fillers, mixing water, waste components and admixtures.  There is a variety of cementitious materials that may be 
used as the hydraulic cement component:  lime (CaO), silica (SiO2) and alumina (Al2O3).  Ordinary Portland Cement 
(OPC) and its variants (e.g. Sulphate Resistant Portland Cement) are most widely used.  The cement component is 
usually between 30 and 70 wt% of the total wasteform mass.  The chemical composition of the liquid phase can 
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have a significant effect, especially if it has a high concentration of salts as this will affect the mineralogy of the 
hydration products.  The ratio of water to solid components, referred to as the W/S ratio, has a major influence on 
the properties of the set cement (e.g. generally, the higher the water component, the greater is the permeability).  The 
water composition for a typical mix is usually between 30 and 55 wt% (equivalent to W/S ratios in the range 0.4 to 
1.2). 
 
Aggregates and fillers are not normally applied to the cementation of wasteforms as they tend to increase the 
conditioning factor and reduce the chemical and physical containment properties compared with "pure" grout 
systems. 
 
Admixtures may be used to control setting properties, reduce the amount of water required or improve the durability 
of the cemented product.  An admixture commonly used is blast furnace slag (BFS), a by-product of the iron and 
steel industry.  As BFS has cementitious properties of its own, high BFS formulations can be achieved.  Use of BFS 
confers a number of advantages over pure OPC-based formulations, including reduced heat of hydration, reduced 
permeability or increased porosity, reduced setting time, enhanced workability and low redox potential (from 
sulphide species).  Artificial pozzolans, such as pulverised fuel ash (PFA), are commonly added to  cement 
formulations to improve strength and durability of the product, reduce "bleed" and enhance flowability.   
 
Superplasticizers are admixtures which are often  used to improve the flow properties of the cement mixture and 
confer a number of benefits (e.g. high early strength, lower permeability, reduced need for compaction).  However, 
these organic based chemicals may lead to enhanced solubility of radionuclides in the longer term, which can affect 
disposability in a deep repository.  
 
 
PROCESS DEVELOPMENT STUDIES 
 
To support development of the cementation option, small-scale inactive studies are being undertaken at Harwell, 
Oxfordshire, UK to identify a formulation envelope for cementation of PFR raffinate.  The studies, which are 
ongoing, use representative chemical simulants of the raffinate liquors in the four tanks with the aim of  developing 
cement formulation envelopes for each of the four liquors, which meet UKAEA requirements for processing in a 
full-scale (500 litre drum) cementation plant and are acceptable to Nirex. 
 
Overall Scope and Scale of Cementation Tests  
 
Overall, the studies comprise three parts. 
 
Part 1:  initial scoping tests - to identify waste-cement formulations which merit further testing.  This work 
involves: 
 
• preparation of simulant-cement mixes at ~150 ml scale 
• measurement (or estimation) of mix viscosity 
• determination of time to initial set 
• measurement of bleed water 
• observation of any changes in physical appearance of the product during curing. 
 
The results obtained are used to identify a practicable formulation and to infer the likely boundaries of a working 
envelope around this central mix (i.e. in respect of the key properties of mix viscosity, bleed and setting time). 
 
Part 2:  formulation envelope tests – to provide an initial experimental test of mix properties at the boundaries of the 
working envelope inferred in Part 1.  This work again examines the key properties of mix viscosity, bleed and 
setting time using the methods employed in Part 1. 
 
Part 3:  product evaluation tests - to obtain performance data for the preferred mixes identified in Parts 1 and 2.  
The properties measured are: 
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• profile of heat release over 140 h, as material sets and cures 
• mix viscosity, promptly after mixing 
• bleed water produced, over first 24-48 h of curing 
• setting time, to initial set, normally achieved within 30 h 
• matrix density 
• compressive strength, normally after 28 days curing but measurements also made at 90 and 190 days curing in 

some instances 
• microstrain, i.e. matrix shrinkage (or expansion) during curing, with measurements starting ~32 h after mixing 

and continuing for at least 90 days. 
 

The sample size used in these tests varies from 25 ml (heat release) to 250 ml (microstrain).  Each set of tests 
requires a total of about 1,000 ml of mix, typically involving 450 ml of simulant liquor. Measurement of 
compressive strength uses 40 mm cubes and a 200 kN Toni-Technik compression testing machine. 
 
Process Considerations 
 
Immobilisation of PFR raffinate will involve two separate operations. 
 
1. Neutralisation, in bulk, of the highly acidic liquor (nitric acid concentrations range from 4.5 to 8.6 M in the four 

tanks) involving a substantial heat release and giving a product liquor which is essentially a nitrate solution 
containing a small proportion of precipitated solids.  For large-scale operation, two reagents may be considered 
for the neutralisation step: 

 
• NaOH, in the form of a concentrated solution (e.g. 17.5 M) to limit the increase in waste volume, giving a 

product liquor rich in NaNO3 
• Ca(OH)2, in solid form (powder), giving a Ca(NO3)2-rich product liquor. 
 
In plant practice, neutralisation with a liquid reagent is preferred because it can be more easily engineered.  
Further, a solid reagent (e.g. in powder form) could become blinded by precipitated material, leading to the 
formation of lumps and incomplete or delayed reaction. 

2. Cementation, by in-drum lost-paddle mixing, involving the controlled addition of blended cementitious 
feedstock to a metered volume of neutralised raffinate liquor. 

 
Scope of Present Results 
 
Against this background, the initial work reported here has involved scoping and envelope tests at the ~150 ml scale 
on the cementation of: 
 
• NaNO3-water solutions ) 
• Ca(NO3)2-water solutions ) 
• mixed Ca(NO3)2/NaNO3-water solutions ) 

at concentrations corresponding to the 
raffinate neutralised with NaOH, Ca(OH)2 or 
Ca(OH)2 + NaOH 

• simulant neutralised with NaOH   
• simulant neutralised with Ca(OH)2   
• simulant neutralised with Ca(OH)2 + NaOH   

 
In addition, single-species tests for components of the PFR raffinate, specifically Cu, Na, Cd, Fe, Zn and Ni, have 
been undertaken to aid an understanding of mix behaviour. 
 
Secondly in this initial work, three mixes (each 1,900 g or ~1,000 ml), based on simulant neutralised with Ca(OH)2 
+ NaOH, have been prepared and subjected to the full set of product evaluation tests listed under Part 3 above. 
 
To date, a single raffinate simulant has been used, based on the estimated maximum acidity and maximum 
concentrations of individual elements present in the four liquors in Tanks 13-16.  
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The cementation tests have used a 1:1 PFA/OPC mix since earlier work had observed good radiation tolerance for 
simulated PFR raffinate spiked with 238Pu and 90Sr and immobilised in this mix. 
 
Materials 
 
The PFA and OPC powders were supplied by Castle Cement Ltd and were compliant with the BNFL Specification 
(2).  NaOH pellets and Ca(OH)2, as a fine powder, were obtained from Fisher Scientific (UK) Ltd as AR-grade 
materials.  The NaNO3, Ca(NO3)2 and other chemicals used in preparing the simulant liquors were AR-grade 
reagents. 
 
The elemental composition of the PFR Raffinate "Maximum Concentrations" Simulant is given in Table II. 
 
 

Table II.   Elemental composition of "maximum concentrations" simulant 
 

Concentration 
Element 

mg/l 
Al 570 
Cd 7,579 

Ce (inc Am, Nd)a 1,675 
Cr 960 
Cs 900 
Cu 10,400 
Fe 5,500 
Na 10,350 
Ni 2,400 

P (as PO4
-3) 98 (300) 

S (as SO4
-2) 1,800 (5,392) 

Zn 4,300 
Acidity (as HNO3) 8.6 M 

 
a. Additional Ce included to simulate Am (600 mg/l) and Nd (820 mg/l), equating molar 

concentrations. 
 
Neutralisation Methods  
 
Three methods of neutralisation were used:  NaOH solution at 17.5 M, Ca(OH)2 powder, and Ca(OH)2 + NaOH in 
sequence. 
 
NaOH 
The NaOH addition required to bring the liquor pH to ~10.5, prior to mixing with PFA/OPC, was determined by the 
slow "titration" of a sample with step-wise additions of 17.5 M solution. The observed NaOH requirement, i.e. 403.7 
g NaOH per litre of simulant, is in close agreement with a figure of 394.2 g calculated assuming, simplistically, 
reaction to NaNO3, Na2SO4, Na3PO4 and the precipitated hydroxides of Al, Cd, Ce, Cr, Cs, Cu, Fe, Ni and Zn. The 
characteristics of the neutralised liquor, based on the calculated product yield are given in Table III. 
 
Ca(OH)2 
A titration curve was not determined for Ca(OH)2; instead, the Ca(OH)2 requirement was calculated from the OH- 
used in NaOH neutralisation. The characteristics of the neutralised liquor, based on the calculated yield from 
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Ca(OH)2 neutralisation, assuming reaction to Ca(NO3)2, CaSO4, Ca3(PO4)2, NaOH (from NaNO3 in the simulant 
liquor) and the precipitated hydroxides, are given in Table III. 
 
Ca(OH)2 + NaOH 
The high acidity of the PFR raffinate dominates the alkali demand for neutralisation and, in the small-scale 
neutralisation with NaOH, solids precipitation was not observed until about 89% of the requirement had been added.  
Therefore, if desirable on grounds of superior cemented product performance, a practical option would be to use 
Ca(OH)2 to provide, say, 75% of the OH- requirement (with no risk of precipitate blinding the solid reagent) and 
completing the operation with NaOH liquor. 
 
In the event, this method was used in the larger-scale neutralisation of simulant to provide feedstock for the product 
evaluation tests. The characteristics of the neutralised liquor, based on the calculated yield from Ca(OH)2 + NaOH 
neutralisation, assuming reaction to the products stated above, are given in Table III. 
 

Table III.  Characteristics of Neutralised "Maximum Concentrations" Simulant 
 

 Reagent 
 NaOH 

(as 17.5 M) Ca(OH)2 Ca(OH)2 + NaOH 

Reagent added: NaOH g/l sim 394.2  98.5 
 Ca(OH)2 g/l sim  381.8 286.3 
OH- added  g/g sim 0.1236 0.1292 0.1278a 

Neutralised liquor:    
 NaNO3:  wt% 39.45  11.68 
   M 6.32  1.93 

 Na2SO4  wt% 0.37  0.11 
 Na3PO4  wt% 0.02  0.01 

    
 Ca(NO3)2  wt%  48.06 33.83 
   M  4.59 2.89 

 CaSO4  wt%  0.44 0.31 
 Ca3(PO4)2  wt%  0.03 0.02 
 NaOH  wt%  1.04 0.73 

    
 solids:  wt% 2.44 3.08 2.89 
   vol% 0.89 1.28 1.09 
 water content  wt% 57.72 47.35 50.42 
 salt contentb  wt% 39.84 48.53 45.96 

 density, liquid phase g/ml 1.323 1.494 1.346 
 
 a. 75.8% as Ca(OH)2, 24.2% as NaOH b. Excluding NaOH in Ca(OH)2-neutralised liquors 
 
Each sample of simulant used in a cementation test was individually neutralised (by slow addition of reagent) since 
it was considered impracticable to take a representative aliquot from a bulk volume of neutralised liquor containing 
precipitated solids. 
 
Sample Preparation and Testing 
 
At the small scale used in the initial scoping tests and the single-species tests, the mix was prepared in a 150 ml 
polypot or 250 ml beaker, the cement powder being added gradually to the neutralised liquor (typically over 8-12 
mins) and mixed by hand using a nickel spatula.  On completion of cement addition, a 6-minute period of vigorous 
stirring was applied in all cases. 
 



WM'03 Conference, February 23-27, 2003, Tucson AZ     

 9

The prepared mix was then transferred to a 150 ml polypot (or left in the pot used for mixing), lidded and placed in a 
cabinet held at 20ºC and >95% relative humidity.  The volume of mix placed in the pot was chosen to give a mix 
depth of 40 mm, as used in the standard Vicat test for setting time (3).  The single sample was then monitored for 
initial set and, when the surface was firm, for bleed water using the methods detailed in the Appendix. 
 
In some instances, enough mix was prepared to permit the mix viscosity to be measured, as described in the 
Appendix. 
 
Product Evaluation Tests 
 
A full set of product evaluation tests required about 1,000 ml of mix.  For this, the simulant liquor was neutralised in 
a 1 litre beaker (in a water bath to remove the reaction heat) and then the whole product transferred to the stainless 
steel bowl of a Kenwood KM300 mixer fitted with a teflon-coated aluminium K-type paddle and a clear plastic 
splash guard covering the bowl. 
 
Cement powder was then added gradually over about 8 minutes and mixing continued for a total of about 60 
minutes.  During this period, mixing was stopped briefly for samples to be taken, in the following sequence, for the 
evaluation tests: 
 
15 mins profile of heat release 
30 mins mix viscosity 
45 mins bleed water 
47 mins setting time 
50 mins compressive strength (and matrix density) 
55 mins microstrain. 
 
Time "zero" was taken as the start of cement addition to neutralised simulant. 
 
Details of the evaluation tests are given in the Appendix. 
 
 
RESULTS 
 
Scoping and Envelope Tests 
 
The key observations from the scoping and envelope tests at the 150 ml scale, using hand mixing, were as follows. 
 
• Plain nitrate solutions:  1:1 PFA/OPC can tolerate high nitrate concentrations (salt/cement ratios up to 0.51 were 

examined) in that a set, hard product is formed.  However, 
− NaNO3 caused delayed setting e.g. 26-67 h, depending on the W/S ratio, and gave excessive bleed at 

W/S >0.4 
− Ca(NO3)2, while giving a normal setting time (~6 h) and no bleed water, showed crystal formation in the 

matrix suggesting that the product may not have long-term stability 
− Ca(NO3)2+NaNO3 gave a good product at W/S = 0.4, but a delayed set at W/S = 0.5 and a significantly 

increased viscosity at W/S = 0.3. 
 
• Simulant: 

− neutralised with NaOH (giving 6.32 M NaNO3 in the liquor) gave no bleed water but a severely delayed 
set (in the worst case, 337 h at W/S = 0.5 and salt/cement = 0.345) 

− neutralised with Ca(OH)2 (giving 4.59 M Ca(NO3)2 in the liquor) gave no bleed water and slightly 
delayed, but acceptable, setting times (~30 h) at W/S = 0.4 and 0.5, but again showed crystal formation 
in the matrix 

− neutralised with Ca(OH)2 (75% of duty) + NaOH (25%) (giving 2.89 M Ca(NO3)2 and 1.93 M NaNO3 in 
the liquor) and immobilised at W/S = 0.4 gave no bleed water and an acceptable setting time (~32 h) and 
mix viscosity (2.2 Pa s). 
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Additional single-species cementation tests were carried out to identify the cause of the delayed setting observed 
with the simulant, which was particularly severe when NaOH neutralisation was used.  In the tests, individual 
nitrates (of Cu, Na, Cd, Fe, Zn and Ni) were neutralised with NaOH or Ca(OH)2 and added to a NaNO3 or Ca(NO3)2 
solution to give the concentration found in the simulant.  These tests showed that zinc, although present in the 
cemented product at only 0.13 wt%, was the cause of the delayed set and that the effect, though seen in both NaNO3 
and Ca(NO3)2 liquors, was much more severe in the NaNO3 case, giving a setting time of ~430-670 h. 
 
Product Evaluation Tests 
 
The foregoing tests showed that cementation of the raffinate neutralised solely with NaOH would be impracticable 
due to the delay in product setting.  This observation, coupled with the potential process engineering problems 
associated with using Ca(OH)2 powder for the whole neutralisation, led to the recommendation, supported by the 
scoping studies, that product evaluation tests should be carried out for a process comprising 
 
neutralisation with Ca(OH)2 for 75% of the duty, followed by 17.5 M NaOH for the remainder, to pH ~ 10.5 
cementation with 1:1 PFA/OPC at W/S = 0.4. 
 
The envelope of conditions anticipated in plant operation around this recommended formulation is shown below and 
stems from: 
 
PFA/OPC ratio:  the OPC content of a supplied 1:1 blend would be held at 50±5 wt%, corresponding to a PFA/OPC 
ratio in the range 45/55 → 55/45 or 0.82:1 → 1.22:1 
 
W/S ratio:  the batch feeds of neutralised liquor and PFA/OPC passed into each 500 l drum would be controlled to 
±3%, corresponding to a W/S ratio in the range 0.38 → 0.42. 
 

Product evaluation tests have been carried out for three mixes, i.e. for the central "reference" formulation, A, and for 
the "extreme" conditions in the working envelope: 
 
• B, at the lowest PFA/OPC and W/S ratios, where the viscosity of a "thick mix" might be too high for in-drum 

mixing, and 
• C, at the highest PFA/OPC and W/S ratios, where a "fluid mix" with high bleed might be encountered.   
 
In addition, tests have been made for a 1:1 PFA/OPC-water mix at W/S=0.4, to provide basic data for comparison 
with the properties of the simulant mixes. 
 

0.82:1 

W/S Ratio 

1.22:1 

1:1 
PFA/OPC  

Ratio 

0.38 0.40 0.42 

C
"fluid mix"recommended

formulation

A

B "thick mix" 
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The results are summarised in Table IV and are discussed below. 
 
Heat Release 
 
The profiles of the rate of heat release versus time are given in Fig. 1, the data being presented, for comparison, as 
W/kg OPC in each mix (since PFA can be taken to make a negligible heat contribution).  The profiles for the three 
simulant mixes are closely similar, the peak rate being observed at 25-29 h as compared with 8 h for the simple 
water mix.  The peak rates for the simulant mixes, at 2.0-2.2 W/kg OPC are about 60% of the peak observed for the 
water mix. The cumulative heat profiles, presented as kJ/kg OPC, are shown in Fig. 2.  The three simulant mix 
profiles are closely similar but lie well below that for the water mix, the heat output  after 140 h being only ~70% of 
that determined for the water mix.  This suggests either that the chemical constituents in the neutralised simulant are 
altering the end point of OPC hydration or, more likely, that the constituents are slowing the rate of hydration, 
giving an extended time for full hydration to be achieved. 
 
Viscosity 
 
The viscosity results for the simulant mixes, plotted against the W/S ratio in Fig. 3, show acceptable values across 
the working envelope, a value of 5 Pa s being generally regarded as an upper limit for lost paddle mixing at the 500 l 
scale. 
 
Bleed Water 
 
The three simulant mixes showed no bleed water at any stage in their preparation or curing.  The same behaviour 
was seen in the scoping tests when simulant neutralised with Ca(OH)2 or 75% Ca(OH)2/25% NaOH was used. 
 
Initial Set 
 
The times to initial set for the simulant mixes lie in the range 20-28 h, showing a small dependency on the fluidity of 
the mix.  Such setting times, although longer than the 5-6 h observed for the water mix, would be acceptable in full-
scale operation.  As would be expected, both simulant and water mixes show a link between setting and heat release, 
the initial set being achieved just prior to the peak in the rate of heat release. 
 
Matrix Density and Compressive Strength 
 
The results for matrix density and compressive strength at 28 days for the simulant mixes indicate that a satisfactory 
wasteform is produced across the working envelope.  The strength data at 90 days curing, available at this stage for 
the reference and "thick" mixes, show that a substantial increase in strength occurs between 28 and 90 days curing, 
as seen in other PFA/OPC systems.  The behaviour suggests that significant changes are occurring in the matrix in 
this period.  Such changes (e.g. cement hydration) may be giving a further heat release, albeit at a very low rate, that 
in the present instance would bring the cumulative release up to the value observed for the water mix. 
 
Microstrain 
 
The plots of microstrain versus time for the four mixes are given in Fig. 4 (measurements are on-going in each case).  
As seen in the figure, the sample for the centre, reference, formulation is showing shrinkage of ~2,560 µm/m at 183 
days and appears to be close to a plateau.  The profile shows an intermediate ~7-day shoulder of slight re-expansion 
which has not been observed to date in cementation studies on other waste systems (e.g. dilute nitrate liquors in 3:1 
BFS/OPC).  A similar, but more pronounced, shoulder is seen with the "fluid" mix (PFR2/SIM3/5) whereas the 
"thick" mix (PFA2/SIM3/3) does not show this effect.  
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Table IV.  Product evaluation data for simulant and water mixes 
 

Reference number, PFR/ 2/SIM3/3 SIM3/2 2/SIM3/5 REF/3 
Liquor "max concns" simulant, neutralised by Ca(OH)2+NaOHa water 
Working envelope mix "thick" reference "fluid"  
PFA/OPC 0.82:1 1:1 1.22:1 1:1 
W/S 0.38 0.40 0.42 0.40 
Salt/cement solidsb 0.346 0.365 0.383  
Heat release:     

peak rate W/kg mix 0.700 0.565 0.499 1.273 
   "      " W/kg OPC 2.23 2.03 2.03 3.56 
time of peak h 25.2 28.8 28.2 7.9 
total heat at 140 h kJ/kg mix 74.4 65.8 60.2 123.0 
   "       "    "   "    " kJ/kg OPC 237 236 245 344 

Mix viscosity Pa s 4.66 3.30 2.11 0.73 
Bleed at 24 h vol% nil nil nil 1.0 
Time to initial set h 20.4 23.5-26.5 27.5 4.9-6.1 
Matrix density at 28 days g/ml 1.94 1.92 1.87 1.78 
Compressive strength at:     

28 days N/mm2 33.1 21.2 15.1 39.6 
90 days N/mm2 66.9 63.4   

Microstrain at:c,d     
  28    days µm/m -1,211 -658 -64 -519 

  70    days µm/m -2,175 -1,912 -1,435 -1,174 

  90    days µm/m -2,296 -2,201  -1,232 

183    days µm/m  -2,557   
 
a. Simulant neutralised, in sequence, with Ca(OH)2 for 75% of duty, 17.5M NaOH for rest, to pH~10. 
b. Cement solids = PFA + OPC. 
c. Samples held in sealed boxes within cabinet controlled at 20 °C. 
d. Negative indicates shrinkage. 
  
 
 
It should be noted that the observations given here are for sealed samples (since this is considered to be the closest 
practicable approach to the situation for the capped matrix in a 500 l drum).  Comparative tests on sealed and un-
sealed samples in other systems indicate that, in the present case, an un-sealed sample would show less shrinkage 
because self-desiccation would be counteracted by water pick-up from the atmosphere (e.g. at >95% RH in a curing 
cabinet). 
 
It may be noted that, although shrinkage of 2,200 µm/m had occurred in the centre, reference mix after 90 days 
curing, it was not associated with deterioration of the matrix; indeed, over the period 28-90 days a near three-fold 
increase in compressive strength was observed. 
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CONCLUSIONS 
 
Although the present work is limited to an inactive chemical simulant and is on-going, the experimental 
observations to date are encouraging.   A wasteform with the desired characteristics for encapsulating  PFR raffinate 
would be produced by: 
 
neutralising the acidic liquor with, in sequence, Ca(OH)2 powder (for 75% of the duty) and 17.5M NaOH liquor (for 
25%), yielding a liquor rich in Ca(NO3)2 and NaNO3 with a small proportion of precipitated solids 
mixing this liquor with 1:1 PFA/OPC at a W/S ratio of 0.4. 
 
Satisfactory wasteform properties have been found within a practicable working envelope around this formulation. 
 
By comparison with the behaviour of a PFA/OPC-water mix, it is clear that the chemical constituents of the 
raffinate, in particular the zinc content, are causing some delay in cement hydration.  Nevertheless, the end product 
is satisfactory. 
 
FUTURE WORK 
 
The initial work reported here is to be followed up by: 
• plant/process design study to define the procedure for Ca(OH)2/NaOH neutralisation and any associated 

changes (e.g. dilution) to the neutralised liquor composition 
• further product evaluation tests with inactive simulants of the four tank liquors 
• testing α- and γ-irradiation tolerance of inactive wasteform samples  
• using the data from isothermal calorimetry, calculation of the matrix temperature profile during curing in a 500 l 

drum. 
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Fig. 1.   Rate of heat release
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Fig. 2.  Cumulative heat release
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Fig. 3.  Mix viscosity v W/S ratio
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Fig. 4.  Microstrain measurements
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 APPENDIX:  PRODUCT EVALUATION METHODS 
 
 
This appendix supplements the main text by giving detailed information on the equipment and procedures used for 
the measurements of 
 
heat release 
viscosity 
bleed water 
setting time 
compressive strength (and matrix density) 
microstrain. 
 
 
Heat Release Profile 
 
The heat released during curing was determined using a Wexham Developments JAF Isothermal Conduction 
Calorimeter. The principle behind the JAF Calorimeter (originally designed for measuring the heat of hydration of 
Ordinary Portland Cements) is that heat generated by the chemical reaction flows through a known thermal path, to 
a heat sink maintained at constant temperature.  The conductor forming the thermal path is a sensitive thermopile 
which produces an electrical output proportional to the heat flow through it.  The calorimeter, with the thermopile 
between the sample can and the heat sink, is immersed in a temperature controlled water bath, maintaining the heat 
sink at a constant temperature. A sample of fresh mix, about 40 g in weight, was sealed into a plastic bag, loaded 
into a thin-walled aluminium can and placed in the calorimeter.  The profile of the rate of heat release for the 
sample, held at 20ºC, was then followed automatically over a period of 140 h. 
 
A small heater is fitted inside the lid of the sample can and is in close contact with the bagged sample.  At the end of 
each run, a known amount of electrical power is input to the sample can via this heater for calibration.  The electrical 
heat produced flows through the thermopile and a calibration curve is obtained. 
 
Mix Viscosity 
 
Mix viscosity was determined using a Contraves Rheomat 115 Viscometer fitted with a paddle. The viscometer was 
controlled by a Contraves RS100 unit programmed to take the paddle through the required speed v time profile.  The 
sample container was a standard commercial "polypot" of 56.5 mm internal diameter.  The paddle was designed to 
represent a scaled-down version of the paddle used for in-drum mixing at the 500 l scale.  The viscometer system 
was calibrated using a series of Newtonian oil standards of known viscosity, permitting an apparent viscosity to be 
derived for the cement mixes. 
 
The sample of freshly-prepared mix, 75 ml in volume, was initially sheared for two minutes at a paddle speed of 266 
rpm, giving a steady torque reading.  A rheogram was then obtained automatically for paddle speeds increasing from 
0 to 266 rpm over 2.5 minutes and reducing to zero again over the same interval. 
 
All the mixes studied gave rheograms of the same form, showing behaviour close to that of a Bingham plastic in 
that, once the mix had "yielded" to shearing, an essentially linear relationship between torque and paddle speed was 
observed.  
 
Bleed Water 
 
About 120 ml of mix (98 ml when bleed water measurement used the setting time sample) was placed in a 150 ml 
polypot, sealed with a lid and placed in the curing cabinet at 20ºC and >95% relative humidity.  The sample was 
then observed at intervals and if significant bleed water was present (i.e. >0.1 ml) the volume was determined by 
drawing the liquid into a calibrated pipette.  The liquid was then slowly returned to the surface of the sample and the 
pot replaced in the curing cabinet. 
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Setting Time 
 
The initial set times for the mixes were determined using the Vicat needle-penetration technique (3).  The standard 
Vicat test uses a mould containing about 170 ml of mix; in the present work a smaller sample (~100 ml, in a 
polypot) was used while keeping the depth of mix at 40 mm, as used in the standard test.  The lidded samples were 
held in the curing cabinet and brought briefly into the open laboratory for the needle penetration tests. 
 
Compressive Strength 
 
The compressive strength of a cured mix was normally determined as the average result for tests on three 40 mm 
cubes, prepared in a 3-gang mould.  In particular cases, the result was obtained by a single cube measurement.  After 
filling, the moulds were held, uncovered, in the curing cabinet pending de-moulding which was carried out after 
about 100 hours curing.  After de-moulding, the cubes were held in a sealed box in the curing cabinet for the 
required period of curing, usually 28 days from time "zero". 
 
Compression testing was performed using a Toni Technik 200 kN compression testing machine.  In accordance with 
BS EN 196-1:1994, the rate of increase in the load applied to each sample was 2.4 kN/s.  The machine incorporates 
an automatic fracture detection system that stops the load application as soon as the onset of failure, shown by a 
sudden fall in the load, is detected.  This avoids explosive bursting of the specimen.  In the present tests the system 
was set to shut down when a fall of 0.12% in load was detected.  The compression faces f the samples were wiped 
before the tests to ensure they were free of any particles whose crushing under load might have given a false 
indication of sample failure. 
 
Immediately prior to compression testing, the weight and dimensions of each cube were measured to give an 
average result for the matrix density. 
 
Microstrain 
 
Microstrain measurements were made using an in-situ technique developed jointly by UKAEA and Wexham 
Developments.  In this technique a single prism of triangular cross-section (45 mm sides x 286 mm long) is cast in a 
horizontal mould fabricated from 1 mm-thick satin-finished stainless steel sheet.  The mould is lined with a layer of 
cling-film, with WD40 release fluid between the film and the mould to give a low-friction interface.  After filling, 
the mould is wrapped with cling-film to reduce moisture movement from/to the sample and is placed in the curing 
cabinet for an initial period, normally about 32 hours.  During mould filling and this initial curing period, both ends 
of the sample are fixed to the mould.  Then, after the initial period, the sample is removed from the cabinet and one 
end is released so that the sample is free to expand/contract along the mould.  A further layer of cling-film is 
wrapped around the mould and a sensitive linear displacement transducer (Solartron LVDT type DG2.5, typical 
response 1.05 V/mm, pre-calibrated by Wexham Developments) is clamped to the mould with the displacement 
plunger in contact with the free end of the sample.  This assembly is then placed in a sealed box, with a sealed outlet 
for the transducer lead, in the curing cabinet. 
 
The changes in the sample length, measured continuously by the transducer fed from a constant voltage source, are 
sampled and recorded at regular intervals by an Agilent Technologies 34970A digital voltmeter/data logger linked to 
a PC. As a check on the sensitivity of the technique, the length of a reference Invar bar (286 mm long), placed 
horizontally in a mould in the cabinet, is also monitored by the data logging system. 
 
 


