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Abstract 

Contaminated waste consisting of various materials results from the decommissioning 

of nuclear power plants. Disposal of Decommissioning Waste requires as much 

measurement data for the radionuclides contained within the waste as possible. Data 

that are obtained is then used to create an inventory of the radionuclides in the various 

types of wastes. This research investigates a route to obtaining additional 

measurement data for such inventories. The importance of these inventories is to 

provide as much information as possible so that a reliable risk assessment can be 

performed on the waste samples and the proposed method of disposal. 

The principal isotopes of interest are those with long half-lives which could impact on 

the ability to demolish reactor components in the long term (after short-lived 

radionuclides have decayed), or have implications for consignment of waste to 

NIREX (Nuclear Industries Radioactive Waste Executive). Decommissioning data 

and inventories for long-lived radionuclides are generally based on a few analytical 

measurements in conjunction with a considerable input from nuclear data calculations 

and estimations. Currently there are no adequate methods for the analysis of a number 

of potentially significant radionuclides, particularly l08m Ag, 9~ and 166mHo in 

Decommissioning Waste. The provision of such methods and their application to 

samples taken from facilities currently being decommissioned would help to remove 

conservative estimates and uncertainties from the inventories. 
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1.0 Introduction 

1.1 Decommissioning issues 

Decommissioning is the set of actions taken at the end of a facility's economic life to 

take it permanently out of service and subsequently make the site available for other 

purposes[1,2]. Once a nuclear power plant is at the end of its useful life it needs to be 

decommissioned. The process of decommissioning nuclear power plants involves 

transforming the buildings that have contained radioactive materials into a safe state 

ready for demolition. The primary concern in decommissioning is to make sure the 

site and ultimately the environment remain safe. This often involves following 

Government policies which state that the process of decommissioning nuclear plants 

should be undertaken as soon as practically possible, taking into account relevant 

factors[l]. The relevant factors are dealt with in decommissioning strategies which 

include the justification of timetables proposed and demonstrate adequate financial 

provision to implement the strategies[1]. The radioactivity present during 

decommissioning arises from several sources. 

1 Neutron activation of the structural materials over the operational life of the 

plant[3]. 

2 Contamination from activated corrosion products deposited around the reactor 

and in the gas circuits[3]. 

3 Fission products outside of the reactor released from fuels (e.g. in the pond 

water treatment plant)[3]. 

The most important source of radioactivity in Decommissioning Waste is neutron 

activation of the reactor structure. Neutrons are produced inside the reactor core by 

reactions such as 23SU + n ~ 236U. The resulting uranium radioisotope is unstable and 

spontaneously decays producing two fission products, y photons, heat, neutrinos and 

several neutrons. Isotopes that are already present in the waste material are then 
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bombarded with neutrons producing contamination radioisotopes which emit a and ~ 

induced radiation and characteristic y ray energies[ 4]. 

1.1.1 Stages of decommissioning 

Decommissioning a nuclear power plant involves three stages. 

Initial decommissioning takes the plant permanently out of service. The plant is 

therefore defuelled and hence a large percentage of the radioactivity present on the 

site is removed. Further initial decommissioning tasks include large projects such as 

demolition of the ponds, waste retrieval, lowering of boilers, building intermediate 

level waste stores etc. 

The second stage is a period of structural protection and monitoring allowing 

radioactivity levels to reduce while ensuring the structural integrity of the buildings to 

prevent any of the radioactivity remaining on-site from entering the environment, e.g. 

weather proofing the building. 

The third stage is dismantling which could happen immediately after the second stage 

or the plant may be left for a period of time to allow further radioactive decay thus 

reducing the radioactive wastes naturally. The waste other than operational waste 

produced at this stage is either intermediate-level, low-level or free release waste. 

Intermediate-level waste consists largely of concrete and steel containing long-lived 

radionuclides which primarily consist of activated Co and Fe from the steel structure 

of the reinforced concrete and also ion exchange resin from water treatment ponds 

consisting of various radionuclides such as 3H and 137 Cs. Low-level waste is of high 

volume and low specific activity consisting of paper and packaging containing 

relatively short-lived radionuclides. Both classifications of waste typically contain 4 

GBq rl alpha activity and 12 GBq fl for beta and gamma activity. Free-release waste 

contains radionuclides at levels lower than 0.4 Bq g-I total activity and is therefore 

safe to release into the environment 
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1.1.2 Decommissioning of Magnox nuclear power stations 

Five Magnox (named after the magnesium non-oxidising fuel cladding used to 

contain the fuel) power stations are currently being decommissioned, Berke1ey, 

Trawsfynydd, Hunterston A, Bradwell and Hinkley Point A. The strategy known as 

'Safestore' is used which is based on the principle that the longer the radioactivity is 

left to decay naturally, the simpler and more economic it becomes to clean up[3]. 

Under this strategy decommissioning will take up to 80 years to achieve. This is done 

over three phases. 

1 Defuelling is the first phase and takes two to three years. Over this period 

99.9% of all radioactivity is removed from the site. This is achieved by 

removing the fuel from the closed station for reprocessing[5]. 

2 Phase two is "Care and Maintenance" and involves securing and monitoring 

any buildings that contain traces of radioactivity by storing the contents of the 

buildings in sealed structures[5]. 

3 The final dismantling phase allows workers to enter the plant with standard 

radiological protective clothing and technology to completely clear the site. 

This occurs when the remaining radioactivity has decayed to very low 

levels[ 5] but also depends on various factors including the site involved, 

financial costs, advances in technology and pressure from the Nuclear 

Installations Inspectorate. 

1.1.3 Decommissioning radioactive inventories 

A radioactive inventory is essential for deciding the strategy for decommissioning, the 

strategy for waste management and for making a safety assessment of the waste 

material. The aim is therefore to produce an inventory of all the radionuclides of 

significance (usually only radionuclides with a half-life of greater than a year are 

considered significant)[ 6]. 
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The accuracy of the inventory is dependent on the quality of input data such as the 

activating neutron flux, the elemental composition of the waste material, accuracy of 

modelling and the reliability of nuclear data[3]. All but the nuclear data can be 

verified and certain measurements can be directly compared to calculated values. It is 

generally assumed that the nuclear data are known with adequate certainty and so will 

not contribute significantly to uncertainties in the inventory[3]. This nuclear data is 

also outside of the scope of decommissioning studies. Re-assessments are often 

required of long-term dose rates in Decommissioning Waste when additional 

measurement data is obtained for radionuclide inventories[7]. 

1.1.4 Significance of determining l08m Ag, 166mHo and 9"Nb in decommissioning 

waste for radioactive inventories 

Once the Magnox reactors have been defuelled the gamma dose rate in the concrete 

surrounding the reactor vessel (the bioshield) is almost completely due to 60CO which 

decays with a half-life of 5.27 years. The decay scheme for 60Co is shown below. 

60Co 

Figure 1 60CO decay scheme[8,9) 

-.----...-.,,-------- 2.50 

j3 (O.3%) 

j3 (99.7%) 

----"'\----- 2.16 
Y (99.90%) 

---'f----- 1.33 
Y (99.98%) 

---~---~-----O 60Ni 

The energy levels are quoted in MeV. If the 13 decay results in a 6<Ni nuclear excited 

state, each 60CO decay gives rise to two y-rays of energy 1.17 and 1.33 MeV. At 

approximately 70 to 100 years after final shutdown, radionuclides with longer half­

lives become dominant gamma emitters and the reduction in gamma dose rate with 

time becomes more gradual. The most important of the long-lived gamma emitting 

radionuclides are I08m Ag, 166mHo and 9"Nb which are focused on throughout this 

research. The neutron activation routes to these radionuclides and 60Co are shown 

below. 
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Figure 2 Neutron activation routes to radionuclides of interest[10,4) 

93Nb (n,y) 94Nb 

107 Ag (n,y) I08m Ag 

165Ho (n,y) 166mHo and 164Dy (n) 165Dy (n) 166Dy (13) 166mHo 

Consequently, the levels of 166mHo fonned in the waste depends on initial 

concentrations of holmium and dysprosium. Dysprosium is sometimes found inside 

the reactor core and increases the chance of 166mHo contamination via the second 

166mHo production route. Although !08m Ag, 166mHo and 9"Nb are more important 

gamma emitters at times close to final shutdown, they are present at much lower 

levels than 60Co. They cannot be measured directly using gamma spectrometry until 

many decades after final shutdown when 60CO has decayed. However it is necessary to 

assess their radiological consequences as soon as possible to support the 

decomrnissioning strategy developed around the time of final shutdown. Therefore 

specific methods are required to measure the radionuclides of importance in the 

presence of much higher levels of 60Co. The experimental work in chapter 2 contains 

method development work that has been perfonned to achieve this requirement and to 

ultimately provide additional measurement data for the radionuclide inventories. 

1.1.5 Importance of sampling in the radioactive inventory 

Outside of the reactor core the radioactive inventory cannot be calculated and must be 

measured because the radioactivity is mostly due to contamination radioactivity 

caused by neutron activation. Sampling is not always possible especially if the station 

is still operational. An alternative approach is in situ gamma spectrometry, which is 

non-invasive and uses portable detectors[ 6). However only about half of the 

radionuclides of interest in fission power reactors emit useful gamma rays and 

therefore some supporting measurements are needed. The contamination is often 
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sampled by wiping a piece of swab material or filter paper (55mm diameter 540-542 

hardened grade) over the contaminated material to transfer any radioisotopes onto the 

surface of the swab or filter for measurement[ 6]. Swabbing is the term used when this 

technique is performed using tacky swab material which is a cotton based material 

with an adhesive surface. The technique is not quantitative because the removal 

fraction depends on the surface, contamination matrix and the operator. Therefore the 

activation product isotopes (e.g. 108m Ag, 94Nb and 166mHo) are ratioed to the principal, 

easily measured 60Co radionuclide which can then be multiplied by the inventory of 

that radionuclide measured from the in situ gamma spectrometry[6]. The ratios 

measured from the swab samples must therefore be quantitative to allow calculation 

of the total radioactive inventory from the inventory of the principal radionuclide. 

Similarly fission product and actinide activity are ratioed to 137CS and calculated in a 

similar manner[ 6]. 

1.2 Sample pre-treatment 

Radiochemical analysis often consists of the following steps[J J]: 

(i) Sample pre-treatment and extraction (e. g. dissolution, digestion etc.). 

(ii) Sample pre-concentration (e.g. evaporation, precipitation etc.). 

(iii) Separation of analytes from the matrix and each other (e.g. solvent 

extraction, ion exchange etc.). 

(iv) Transformation of the separated fraction into a source suitable for 

measurement and determination of the analytes. 

The required combination of sub-procedures is determined by the analytes under 

investigation, the amounts involved, matrix composition and performance 

required[l J]. 

7 



1.2.1 Extraction using dissolution and digestion 

Dissolution and digestion procedures transfer the analytes of a sample from a solid 

matrix (e.g. concrete, steel, swab material etc.) into solution so that it becomes 

simpler to carry out pre-concentration and separation steps on the analytes. The 

sample matrix determines the reagent required for dissolution. Many samples are 

soluble in acids such as Hel, HN03 and HF[12,13]. Heating may also be required to 

dissolve many samples[12]. Microwave acid assisted digestions using HN03 / H202 

and HN03/ HF have been used for samples such as soil sediment and steel[14,15,16]. 

The samples are broken down at accelerated rates due to the high temperatures and 

pressures involved. Ashing and peroxide fusion are often used as additional steps in a 

dissolution process[15,17]. Ashing procedures involve heating to high temperatures 

('" 500°C) to remove organic molecules present in the sample that may interfere with 

chemical analysis. Ashing is only suitable for non-volatile species such as transition 

metals. Na202 fusion is a very powerful oxidising technique and is used to complete 

dissolution procedures by mobilising metal ions that remain unaffected by acid attack. 

By heating to high temperatures (> 500°C), a molten liquid forms which ensures the 

sample matrix breakdown. 

1.2.2 Sample pre-concentration 

Pre-concentration can be defined as transferring the analyte from a phase of large 

volume to one of small volume and hence increasing the concentration of the 

analyte[18]. This step may be necessary if the analytical technique is not sensitive 

enough to measure very low concentrations. The precipitation of analytes is often 

used as a pre-concentration step[19]. Another common example of sample pre­

concentration is the use of ion exchange to pre-concentrate the analytes of interest by 

adsorption onto a resin[20,21]. Samples that involve no pre-treatment or pre­

concentration[22] are preferred because the number of sources of contamination and 

hence interferences in the analysis are reduced. 
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1.2.3 Separation of analytes from their matrix and each other 

There are many different types of radioanalytical separation techniques available such 

as extraction chromatography and co-precipitation[23,24]. These often include the use 

of hold-back carriers prior to extraction or precipitation so that one or more of the 

analytes remain in solution[19,25]. The technique applied depends on other elements 

or radioisotopes in the sample and the sample matrix. Extraction chromatography is 

applicable to a wide range of trace metals and is suitable for multi-element analysis by 

sequentially eluting the trace metals with increasing strengths of an appropriate 

eluant[20,21]. However it maybe more appropriate to use a specific complexing 

reagent for an analyte[26] or even a combination of complexation with extraction 

chromatography[27]. There are therefore many possibilities for the analysis of trace 

metals and the analytical procedures mentioned are investigated in chapter 2. 

1.2.4 Transformation of sample solution for analysis 

The separated fraction containing an analyte is sometimes not in an appropriate form 

for measurement and determination by the preferred detector. Therefore the solution 

has to be treated or diluted for it to be successfully analysed on the appropriate 

detector. For example the determination of trace metals is often performed using ICP­

MS / AES (inductively coupled plasma mass spectrometry / atomic emission 

spectrometry) analysis and sample solutions often contain high acid concentrations 

especially if the pre-concentration stage involves dissolution with strong acids. 

Therefore dilution of the sample solutions is required to obtain a solution with an acid 

concentration of below 5% (a suitable acid concentration for ICP analysis). However 

this may result in a reduction in analyte concentration and it maybe the case that an 

alternative method of detection is required if the concentration falls below the 

detection limits of the detector. 
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1.3 Waste sample matrices and reactor design 

The analysis methods fo r Decommissioning Waste depend on the sample matri x. The 

sample matrix is determined by the reactor component being analysed. Figure 3 

shows the design of a Magnox reactor. 

Figure 3 Magnox reactor dcsignl281 

"0 1 GA$OUC1 

Fuel rods inside the reactor vessel of a Magnox reactor are composed of natural 

llranium contain ed within a magnesium alloy can. The graphite moderator provides an 

array of channels which ass ists steel rods in slowing down neutrons so that an 

efficient chain reaction occurs and the speed of the fi ssion reactions are controlled. A 

thick steel containing concrete bio-shield surrounds the reactor, adsorbing neutro ns 

escaping the reactor core. Heat created from the controlled nuclear reaction inside the 

reactor core is trans ferred by CO2 gas via gas circuits to the pressuri sed boilers which 

produces steam used to generate electricity. Decommissioning Waste primaril y 

consists of building materi als and plant components. The most important waste 

matrices are therefore steel, graphite and concrete. 

When decommissioning nuclear reactors, it is essential to be able to determine the 

radioacti vity contained in the structural materi als of dle reactor plant. Radionuclides 

of Ag, Ho and Nb are produced by neutron acti vation and are rela tively long li ved. 

The necessary analytical methods should be relati vely simple and safe and be able to 

be used routinely. The aim of thi s work was therefore to develop a method or methods 

for the measurement of these rad ionuclides in a number ofdifferent materials. 
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2.0 Experimental 

2.1 Reagents and instrnmentation 

Throughout the method development for dissolution and separation ICP-AES 

measurements were obtained using a Sci-Tek Jarrell Ash AtomScan 16 spectrometer 

by Thermo Elemental with a pump rate of 100 rpm. ICP-MS measurements were also 

obtained in two experiments using a VG PQ Excell instrument manufactured by 

Thermo Elemental. 

The ICP-AES instrument used for radioactive samples was an IRIS Advantage HR 

enhanced resolution spectrometer equipped with radial plasma and used with a pump 

rate of 100 rpm manufactured by Thermo Elemental. Gamma spectrometry was also 

used to measure the radioactive samples using a High Purity Germanium Detector 

manufactured by EG&G ORTEC using the software EG&G Gamma Vision I. The 

instrument was calibrated using a mixed radionuclide standard containing 241 Am, 

I09Cd 57CO 139Ce 203Hg 113Sn 85Sr 137Cs 6OCo and 88y from High Technology 
""" , 

Sources Limited. 

All experiments were performed using analytical grade reagents. Cellulose nitrate 

filter paper was used throughout for filtration steps unless otherwise stated. 

2.2 Dissolution method deVelopment for tacky swab I filter paper samples 

Tacky swab and filter paper samples are widely used to support radionuclide 

inventory data by sampling radioisotopes from decommissioning waste. As stated in 

chapter 1, the principal radioisotopes of interest in the waste are 108m Ag, 166mHo, and 

9"Nb, these radioisotopes are products of neutron activation which then decay over 

long periods of time. The radioisotopes of interest are difficult to measure 

quantitatively because the peaks corresponding to their gamma emission signals are 

swamped by the Compton edge scattering caused by the 60Co radioisotope which is 

present at much higher concentrations. The Compton effect is the predominating 

mode of gamma photon interaction resulting in the appearance of Compton electrons 

and scattered photons in addition to photoelectrons in the detector[29]. The cascade of 

12 



Compton scattering from the large excess of 60CO swamps the smaller signals of the 

radioisotopes of interest when measured by gamma spectrometry. Removing the 60Co 

interference from samples allows the smaller signals to be measured because of the 

removal of the interfering Compton scattering. The removal of the 60Co radioisotope 

requires the analytes to be present in solution, this is achieved by dissolving the solid 

sample. The method development for the dissolution of tacky swab and filter paper 

samples involved doping unused samples with inactive Ag, Co, Ho and Nb. These 

elements of interest were measured in solution by ICP analysis and techniques for the 

separation of Co from solution were then investigated. All analytical techniques used 

in conventional chemistry may be used for the separation and isolation of radioactive 

elements in trace concentrations[30]. This provides plenty of chemical methods to 

consider for investigation. Once successful dissolution and separation methods have 

been developed they will be applied to radioactive samples that are either known or 

predicted to contain the radioanalytes. 

2.2.1 Speciation in dissolution samples 

Speciation is important when analysing trace elements because analytical difficulties 

are related to the choice of relevant techniques for measurement of the individual 

species[31]. For suitable chemical methods to be applied to samples it is important to 

know the species of the analytes so that their behaviour can then be predicted. Pre­

treatment of samples can cause the species of analytes to change. A change in analyte 

species does not always affect the detection of the analyte. This is the case for ICP 

analysis used throughout the experimental work although speciation has to be 

considered in the method development prior to detection for an understanding of why 

the detection of analytes in a solution was either successful or not. The following 

experimental work involves doping samples with Ag, Co, Ho and Nb from 1000 mg 

drn·3 stock solutions. The stock solutions were either produced by dissolving the solid 

nitrates AgN03, HO(N03)3.5H20 and CO(N03)2.6H20 in water or obtained as readily 

made ICP standard solutions. The Nb stock solution was obtained as an ICP standard 

solution which contained trace amounts of HF to prevent Nb from precipitating. It is 

known that Nb dissolves in aqueous solutions of HF to give the anionic fluoro 

complex [Nb(v)OFS]2T32] and therefore this species was predicted to be present in 

solution after dissolution. The other elements of interest were predicted to be present 
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as soluble nitrate complexes containing the cations Ag+, H03+ and C02+. In addition to 

the literature there were speciation programmes available such as JCHESS[33] and 

PHREEQC[34] to help understand speciation in solutions of varying concentrations 

and components. 

2.2.2 ICP standard solutions 

Trace metal concentrations are commonly determined in different media by the 

analytical methods of inductively coupled plasma mass spectrometry (ICP­

MS)[35,36], inductively coupled plasma atomic emission spectrometry (ICP­

AES)[37,38] and electrothermal atomic absorption spectrometry (ET-AAS)[39]. Only 

ICP-AES and to a lesser extent ICP-MS were available at Loughborough University 

for the analysis of trace levels of Ag, Co, Ho and Nb. A series of standard solutions 

ranging from 0.1 to 3 mg dm·3 Ag, Co, Ho and Nb were produced for ICP analysis of 

the trace metals in dissolution samples. The solutions were produced by pipetting 

appropriate volumes of the 1000 mg dm·3 stock solutions into volumetric flasks, 

addition of concentrated RN03 (5 cm3
) and dilution to 100 cm3 with distilled water. 

Nitric acid was added to the standards for two reasons. The first being to match the 

acidity of the dissolution sample matrix and the second, to satisfy the ICP requirement 

of sample acidity (solutions should ideally contain up to 5% acid concentration). 

Of the ICP techniques mentioned previously, ICP-MS has the lowest detection limits 

for trace metals, however the detection limits of ICP-AES were shown to be suitable 

for the analysis of Ag, Co, Ho and Nb in dissolution samples. Table 1 shows ICP­

AES lower detection limits for the analytes of concentrations 10 mg dm·3 at specific 

wavelengths. 

Table 1 ICP-AES detection Iimits(40) 

Element Ag Co Ho Nb 

Emission line wavelength (nm) 328.068 228.616 345.600 316.340 

Minimum detectable concentration 0.007 0.007 0.0057 0.004 

(mgdm·3) 
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A multiplication factor of three is usually applied to these detection limits to account 

for varying instrument performances. 

2.2.3 Dissolution using HN03 

A method was provided by Berkeley Centre which used RN03 and HCI for the 

dissolution of tacky swab and filter paper samples[l7]. The following method was 

based on this method and was performed on unused tacky swab samples. The method 

was adapted for investigation by using a closed system to prevent acid vapours 

escaping into the fume cupboard (apparatus are shown in figure 4) although the 

original method was commonly performed at BerkeIey Centre using an open neck 

conical flask. 

A swab sample (2 g) was weighed and placed in a 3-necked round-bottomed flask. 

Concentrated nitric acid (20 cm3
) was added to the flask and left overnight. Fe carrier 

solution (2 cm3 of 3.7 g Fe (Ill) nitrate in water with 5 cm3 6 mol dm-3 nitric acid 

made to 100 cm3 with water) and a magnetic stirrer were added to the flask which was 

then heated to between 80 and 90°C for 1 hour using a water bath. Concentrated HCI 

(10 cm3
) was added dropwise via a dropping funnel and the mixture simmered for 30 

minutes. The mixture was allowed to cool and diluted with distilled water (150 cm3
). 

The solution was filtered through a 47 mm diameter 0.8 J.!m pore filter paper to 

remove the insoluble glue providing a transparent yellow filtrate. The filtered material 

was transferred to a zirconium crucible, placed in a muffie furnace, heated to 500°C 

and maintained at this temperature for 30 minutes. Na202 (1.0 g) was added to the 

black residue to oxidise the remaining carbonaceous material and to make soluble any 

remaining metals[l5,17,41]. The residue was heated to 600°C for 30 minutes. The 

reSUlting black residue was cooled and suspended in water (70 cm3
) and 6 mol dm·3 

RN03 (10 cm3
). This was filtered and added to the previous yellow filtrate. The 

combined filtrate was diluted to 500 cm3 with distilled water. 
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Figure 4 Dissolu tion apparatus 

All lLEEo 
STOPPEI 

IATEI tATH 

HOTPLATE 

TO VA( UUI PUlP 

71 

TA(lY SlAt IN 
NITII ( AUo 

The experiment was performed twice on tacky swab samples that were doped with 

Ag, Co, Ho and Nb ( I cm3 of 500 mg dm-3 stock so lutions). The fi rst di ssolution 

experiment performed on a tacky swab sample was measured by ICP-MS. The econd 

dissolution experiment was measured by ICP-AES for comparison. 

2.2-4 Dissolution using fuming HNOJ 

Fuming HN0 3 is nitric acid that has been saturated with N02 and this is achieved by 

passing nitrogen dioxide through the nitri c acid[42). The ox idising action of the acid 

is increased and N02 fumes are observed. 

Aqua-regia (I-fN03 / HCI) is commonly used for dissolution because of the oxidising 

power of HN03 combined with the strong acidi ty and complexing properties of 

HCI[43] . However Ag and Ho were found to precipitate as chloride complexes. This 

was a problem in developing a di ssolution method using ICP measurement and would 

also be a problem measuring inacti ve tracer elements in radioactive samples. The 

replacement o f HCI (10 cm3) with fum ing HN03 in the dissolution method was 

chosen fo r this reason and because of the high solubility of Ag, Co, Ho and Nb in 

HN03 together with the rap id oxid ising action of the acid . The initial add ition o f 20 
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cm3 concentrated HN03 was also replaced with fuming HN03 (15 cm3) to reduce the 

volume of acid used. The modified experiment was performed six times and analysed 

by ICP-AES. 

To confirm that none of the analytes were present in the swab material prior to 

doping, the experiment was performed a further three times without the addition of 

Ag, Co, Ho and Nb. 

After successful dissolution using fuming HN03, attempts were made to dissolve 

tacky swab samples using a lower volume of fuming HN03. This was desirable to 

avoid handling unnecessarily large volumes of this highly corrosive acid. 

The dissolution method was therefore repeated using only 15 cm3 fuming HN03. The 

further 10 cm3 that was previously added in place ofHCl was not added because the 

swab sample was observed to dissolve in the initial 15 cm3. A 0.1 f.lm pore filter was 

used for the filtration steps because of its availability and it was thought that this 

would have no significant affect on the recoveries of the analytes. The amount of acid 

and water used to suspend the residue in the final step of the method was 6 mol dm·3 

HN03(5 cm3) and H20 (45 cm3). The combined filtrate was analysed by ICP-AES. 

2.2.5 Nb stabilisation in ICP standard solutions 

A control solution containing 1 mg dm-3 Ag, Co, Ho and Nb was produced from the 

respective stock solutions and measured against the standard solutions that were used 

to measure Ag, Co, Ho and Nb concentrations in the previous experiments. The 

standard solutions contained the expected concentrations of Ag, Co, Ho and Nb. 

However another control solution was produced in the same way and measured 

against the same set of standard solutions several days later and the Nb concentration 

detected was unexpectedly high. 

The unexpectedly high Nb concentration was investigated by analysing the 1 mg dm-3 

standard solution using ICP-MS to eliminate the unexpected result being a detector 
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error. This was compared to the freshly diluted 1 mg dm-3 control solution and 

analysed by ICP-MS. 

It is known that Nb can be made soluble by the addition of HF[44] to form stable 

anionic complexes[45]. A combination ofHN03 with trace HF is also used to stabilise 

Nb in the 1000 mg dm-3 stock solution therefore it was questioned whether or not 

HN03 was suitable for stabilisation of Nb in lower Nb concentration solutions without 

any additional HF_ The stabilisation of Nb by HN03 alone was investigated by 

preparing five separate 4 mg dro-3 Nb solutions containing 1 %, 2%, 3%, 4% and 5% 

(v/v) HN03 (using 1, 2, 3, 4 and 5 cm3 of concentrated HN03 respectively). These 

solutions were left for 24 hours and measured by ICP-AES. 

The Nb standard solutions used for the following experiments were freshly produced 

for each series of samples to avoid Nb precipitation over time. 

2.2.6 Recoveries of analytes at higher concentrations 

The following dissolutions involve doping swab samples with higher concentrations 

of Ag, Co, Ho and Nb stock solutions to determine whether or not the successful 

recoveries of the analytes were dependent on initial concentrations. 

Eight dissolution experiments were performed using the successful dissolution 

method (described in the previous section). The samples were doped with 1000 mg 

dro-3 Ag, Co, Ho and Nb solutions (2 cm3 of each). The filtrates were analysed by 

ICP-AES. 

Five similar experiments were then performed with the addition of 1000 mg dro-3 Ag, 

Co, Ho and Nb solutions (4 cm3 of each) and the solutions were analysed by ICP­

AES. A further three experiments were performed with the addition of the same 

concentrations of Ag, Co and Ho but excluding the addition of Nb. This was to 

investigate whether or not the HF in the Nb stock solution had an affect on the 

recovery of Ag because it was considered that AgF may have formed when a higher 

volume of Nb stock solution was added due to the increased concentration ofHF. The 

filtrates for these experiments were also analysed by ICP-AES. 
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2.2.7 Solubility of AgF and AgCI 

The Iow recovery of Ag at these higher concentrations led to the investigation of the 

solubility of possible AgF or AgCl species. The solubility products (Ksp) of AgCl and 

AgF are shown in equations 1 and 2. 

Ag+(aq) + Cr(aq) ~ AgCI(s) 

Ag+(aq) + F(aq) ~ AgF(s) 

Ksp = 1.8 X 10-10 mol dm-J Equation 1 [46] 

Ksp = 205 mol dm-J Equation 2[46] 

The solubility product comparison shows that AgF has a relatively high solubility 

product compared to AgCl and was not likely to precipitate from solution[46]_ 

However a AgCl precipitate may have formed. 

The following experimental section investigates washing the filter of dissolution 

experiments to ensure that Ag was soluble and present in the filtrate. 

2.2.8 Filter washing 

Typical Ag complexes are shown below. The series shows the order of decreasing 

stability of these dissolved Ag complexes. 

Equation 3 [47] 

Ag can be made soluble with cyanide, thiosulphate and amine ligands. AgCl 

precipitates are known to readily dissolve in ammonia solution forming the complex 

ion [Ag(NH3)2t[41,47]. The following experiments investigate the use ofHN03 and 

antmonia solution to wash the filters of dissolution experiments. 

Two dissolutions were performed to contain final concentrations of 1 mg dm-3 of the 

elements of interest. The filter paper from one dissolution sample was washed twice 

with concentrated HN03 (15 cm3) / H20 (75 cm3). The washings were then combined, 

diluted to 500 cm3 with distilled water and analysed separately to the initial filtrate by 

ICP-AES. The filter paper from the second dissolution sample was washed twice with 
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concentrated ammonia solution (15 cm3
) / H20 (75 cm3

). The washings were 

combined, diluted to 500 cm3 with distilled water and analysed by ICP-AES. 

Following the successful transfer of Ag, Co, Ho and Nb from tacky swab sample to 

solution, the investigation focussed on methods of separating the analytes (Ag, Ho 

and Nb) from Co. 

2.3 Separation methods by complexation 

Methods of selectively extracting Co from solution using complexing agents were 

investigated in an attempt to achieve a one step Co separation from the analytes Ag, 

Ho and Nb. 

Cobalt has a small cation size, comparatively large nuclear charge and appropriate 

electronic arrangement which are ideal properties for complex formation[48]. In the 

divalent state only comparatively unstable ionic complexes form whereas in the 

trivalent state stable covalent species form[48]. 

2.3.1 Oxidation of Co in complex formation 

The dissolution samples contain C02
+ ions which are very stable in solution. However 

many complexes containing C02+ ions are readily oxidised to C03+ complexes[ 49]. A 

common reaction illustrating this is shown below. 

Equation 4[49] 

This reaction occurs because the crystal field stabilisation energy of C03+ with a d6 

electron configuration is higher than that of the Co2+ which has a d7 arrangement of 

electrons[47]. This creates a more stable octahedral Co complex where all the 

electrons are paired in the preferred d6 configuration. 
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2.3.2 Co complexation with I-nitroso-2-naphthol 

a-Nitroso-~-naphthol is known to precipitate various transition metals including 

cobalt from slightly acidic solutions[50,51]. Its structure is shown below. 

FigureS a-Nitroso-p-naphthol[SO] 

I "-'::: . 0 H CO
O 

// // 

This reagent oxidises Co to the trivalent state and is then precipitated as the complex 

shown below. 

Figure 6 Co nitroso naphthol complex[SOJ 

3 

The attempted Co extraction experiment described below involved the formation of 

this cobalt complex and was based on a method provided by Berkeley Centre[52]. 

The l-nitroso-2-naphthol reagent was prepared by dissolving l-nitroso-2-naphthol (4 

g) in glacial acetic acid (100 cm3
). Once the solid had dissolved, distilled water at 

gO°C (lOO cm3
) was added and the solution stored in the dark. A solution containing 1 

mg dm·3 Ag, Co, Ho and Nb (5 cm3
) was pipetted into a 250 cm3 beaker. The 

solution was diluted to 50 cm3 with distilled water and cobalt chloride (0.1 g) was 

added. I-nitroso-2-naphthol reagent (75 cm3
) was filtered through Whatman 542 filter 

paper and added to the beaker. The solution was stirred and heated gently to boiling. 

The solution was left to stand for 2.5 hours before being filtered through 542 filter 

paper. The filtered material was washed with gO°C 1 mol dm·3 HCl (10 cm\ The 
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filtrate was filtered a second time. The filtrate was evaporated down to approximately 

80 cm3 and transferred (after cooling) to a 100 cm3 volumetric flask and diluted with 

distilled water. A sample of this solution (SO cm3
) was then taken and diluted to 100 

cm3 with distilled water. The solution was filtered several times until the solution was 

clear before ICP-AES analysis. 

2.3.3 Solvent extraction of Co complexes 

Metal ions, even when hydrated do not extract well into an organic phase. However 

complexed metals are commonly extracted by various organic solvents[S3]. The 

complexation of Co with 1-nitroso-2-naphthol has been extracted with various 

solvents such as methyl isobutyl ketone (MIBK)[S4] and chloroform[SS]. The solvent 

extraction of Ho in certain matrices is also known[S6,S7]. However such methods 

were not fully investigated because of the high level of solvent waste produced in the 

methods which would be undesirable for routine methods that may be used in 

decommissioning waste analysis. 

The following inorganic ligand was suggested for the attempted separation of Co from 

Ag, Ho and Nb. It was known that the ligand was Co specific in some solutions, 

however its behaviour in the presence of the other analytes was not known. 

2.3.4 Diphenyl sulfimide ligand 

The diphenyl sulfimide ligand Ph2S=NH is known to react with transition 

metals[S8,S9] and has a strong tendency to react with Co. An experiment was 

performed to confirm the ligands strong tendency to react with Co. 

Ph2S=NH (0.01 g) was added to a 1000 mg dm-3 Co solution (1 cm3
) and shaken. The 

solution was then filtered through a 0.1 Ilm pore filter and the filtrate diluted to 2S0 

cm3 with distilled water for ICP-AES analysis. The experiment was repeated with 

excess ligand (O.OS g) and analysed by ICP-AES. 
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The following set of experiments investigate the behaviour of Co with the inorganic 

ligand in the presence of the two analytes Ag and Ho in an attempt to achieve a 

separation of Co from these analytes. 0.025 g of ligand were chosen for the following 

experiment because this was the amount calculated to give a 100% reaction with Co. 

The experiment was performed to determine the selectivity of the ligand towards Co. 

1000 mg dm·3 Ag, Co and Ho solutions (1 cm3 of each) were pipetted into a small 

glass vial and 0.025 g of the ligand added. This was filtered without shaking. The 

ligand turned blue and began to dissolve but did not dissolve completely. Therefore 

shaking did not induce dissolution. The filtrate was diluted to 250 cm3 with distilled 

water. The experiment was performed three times and analysed by ICp·AES. 

The following experiment was performed to prevent the partial dissolution of the 

ligand observed in the last three experiments. An excess of the ligand (0.05g) was 

added to a solution containing 1000 mg dm·3 Ag, Co and Ho solutions (0.1 cm3 of 

each) in distilled water (5 cm3) and the sample was filtered. By using a lower 

concentration of Ag, Co and Ho a lower volume of stock solutions was used resulting 

in a decrease of HN03 concentration preventing the dissolution of the ligand. After 

filtration, the filtrate was diluted to 50 cm3 with distilled water for ICP·AES analysis. 

A chelation method avoiding the problem of Co oxidation by using acetylacetone as a 

chelating reagent has been reported[60]. Coz
+ was separated from Co3+ by chelation 

and solvent extraction using benzene however as mentioned previously a method 

involving solvent extraction was undesirable for the dissolution samples, therefore the 

investigation was focussed on different methods of separation. 

2.3.5 Co precipitation as Co nitrite 

When a solution of Coz
+ ions is treated with NOz' ions, Coz+ is again oxidised to Co3+ 

and then the soluble [CO(N02)6]3' complex is formed[49]. The addition of a metal 

cation such as Cs + results in the formation of a caesium cobaltinitrite CS3[CO(N02)6] 

precipitate[ 49]. 
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The following method provided by Berkeley Centre[6l], involves the precipitation of 

a cobalt nitrite complex by the addition of sodium nitrite. The caesium solution was 

made from caesium chloride instead of caesium nitrate due to availability of reagents. 

Cobalt solution (100 cm3
) was produced by dissolving cobalt nitrate (2.47 g) in 

distilled water and 6 mol dm·3 HN03 (1.7 cm3). Caesium solution (100 cm3) was 

produced by dissolving caesium chloride (1.5 g) in distilled water and 6 mol dm-3 

HN03 (1.6 cm\ A solution containing 10 mg dm-3 Ag, Co, Ho and Nb (5 cm3
) was 

added to a 50 cm3 beaker. Glacial acetic acid (2 cm3
) was added to the beaker and the 

pH adjusted to pH 4 with 50% (w/v) NaOH solution (5 drops). After the solution had 

cooled, sodium nitrite (2 g) was added and the solution was stirred to dissolve. 

Caesium solution (1 cm3
) and cobalt solution (1 cm3

) were added. The solution was 

cooled in an ice bath then placed in a fridge overnight. The resulting observation was 

a yellow solution containing a yellow precipitate. The solution was centrifuged at 

20,000 rpm for 30 minutes. The yellow solution was filtered and diluted to 100 cm3 

with distilled water for ICP-AES analysis. 

Many complexing agents are known to complex with Co such as dithizone and 

nitroso-naphthol[62]. However similar metals are often also complexed with these 

reagents such as Ag with dithizone[63] and Ho with nitroso-naphthol (shown in 

previous experiments). The similarity in behaviour of Co and Ho in all the 

complexation methods investigated led to the investigation of ion exchange methods 

of separation. 

2.4 Co and Nb separation from solution by ion exchange 

Separation methods for transition metals often involve ion exchange because their 

strength of adsorption to the ion exchange resin depends on the charge and size of the 

ion involved which means the eluant and eluant strength can be adjusted to desorb 

various different metals. Table 2 shows various types of ion exchange resins and some 

of their properties 
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Table 2 Selected exchange resins and their properties[64] 

Name Type Effective Functional group Ionic 

operating form 

pH range 

Amberlite IR-120 Strogly acidic 0-14 --SO,-H+;polystyrene HorNa 

Dowex 50 cation exchanger 

Amberlite IRA-400 Strongly basic 0-14 Quaternary amine Cl 

Dowex-I anion exchanger -CH,--N\CH,),;polystyrene 

Amberlite IR-4B Weakly or 0-7 -NHR or NR2;phenol or OH 

Dowex3 medium basic pOlyamine condensation 

Amberlite IRC 50 Weakly acidic 7-14 Polyacrylic or polymethacrylic H 

acid 

Cation exchange resins contain acidic functional groups. Weakly acidic cation 

exchangers contain carboxylic acid functional groups whereas strongly acidic cation 

exchangers contain sulphonic acid functional groups[65]. 

Equation 5[65] 

Anionic exchangers contain basic groups. Weakly basic anion exchangers contain 

amine functional groups whereas strongly basic anion exchangers contain quaternary 

ammonium functional groups[65]. 

Equation 6[65] 

60Co has been separated from low-level liquid radioactive waste samples using a 

combination of an inorganic ion exchange resin with an organic ion exchange 

resin[66]. The strongly acidic Amberlite IR-120 cation exchange resin was chosen for 

investigation because the elements of interest were present in the dissolution samples 

as Co2+, H0
3+ and Ag+ and once adsorbed could be eluted by an appropriate eluant. 

Nb was expected not to adsorb because it was predicted to be present as [NbOFst 

[32] (discussed in section 2.2.1) and hence pass straight through the cation exchange 

resin. Nb is known to adsorb to anion exchange resins in dissolution samples which 
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supports the anionic complex prediction[32,67,68]. Furthermore, investigations into 

the retention of metal cations on cation exchange resin in different strength 

hydrofluoric acid eluants show that Nb was one element that showed no significant 

retention[69] whilst trivalent cations such as Ho and Co were strongly adsorbed[70]. 

The role of the exchange ion in the eluant of ion exchange separations is to compete 

with analyte ions for the fixed ions on the stationary phase and to separate the mixture 

of analyte ions into well-defined bands[71]. The important eluant characteristics are 

shown below[71]. 

(i) Compatibility with the detection mode 

(ii) Nature of the competing ion 

(iii) Concentration of the competing ion 

(iv) Eluant pH 

(v) Buffering capacity 

(vi) Complexing ability 

(vii) Organic modifier content 

The first section of experimental work involving ion exchange investigates the fourth 

and sixth characteristics listed above. 

2.4.1 Cation exchange resin with EDTA and HCI eluants 

Different transition metal ions can be selectively determined by complexation with 

the hexadentate chelate complex EDTA which consists of two nitrogen atoms 

containing lone pairs of electrons and four carboxylic acid groups. By adjusting the 

concentration of EDTA and the pH one ion can be complexed while another ion 

remains uncomplexed[72]. The ligand is however less selective to ions of similar 

charge[72]. Co is known to complex with EDTA forming [Co(EDTA)n72]. A 

method using polyurethane foam as the solid phase to pre-concentrate Co3+ through 

the oxidation of Co2+ followed by elution with 2 mol dm-3 HCI has been reported[73] 

whilst the retention of Nb in HCI was reported to be very high[74]. Cobalt is believed 

to produce the mono-valent anion [CoChr in strong HCI solutions[27]. Therefore by 
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passing these eluants through a cation exchange resin it was expected that Co would 

be eluted. 

For practical purposes, the disodium salt Na2H2EDTA was preferred as a reagent[75]. 

The salt has a higher solubility than the parent acid. The four electron rich COOH 

groups together with the two nitrogen lone pairs constitute a ligand which will fonn 

complexes with octahedral geometry[75]. 

2.4.1.1 pH effect on EDTA solutions 

EDT A is a tetrabasic acid and dissociates in solution to give four different ionic 

species, H3EDTA", H2EDTA2., HEDTA3-, EDTA4
• (shown in figure 7), the relative 

amounts of which depend upon the pH of solution[75]. 

(a) 

(b) 

(c) 

Figure 7 EDTA ionic species[76) 

-OOCH2 "-.,. /CH2COOH 

+H -N-CH2 -CH2 - N-H+ 

-OOCH / "CH2COO-
2 

-OOCH2 "-.,. /CH2COO-

+H -N-CH2 -CH2 - N-H+ 

-OOCH / "CH2COO-
2 

H EDTN-2 
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(d) 

-OOCH2 '" / CH2COO-
N-CH2 -CH2 - N-H+ 

-OOCH / "CH2COO-
2 

HEDTA3-

(e) 

-OOCH2 '" / CH2COO-
N-CH -CH -N 

2 2 "-

-OOCH / CH2COO-
2 

EDTA4-

The proportion of the species present are represented by a-values and a4 corresponds 

to the species EDTA 4-. Table 3 shows the fraction of this species present at various 

pH values. 

Table 3 Fraction ofEDTA4- at pH 2 to 12[75] 

pH a4 

2 3.7 x 10-14 

3 2.5 x 10-11 

4 3.6 x 10-9 

5 3.5 x 10-7 

6 2.2 X 10-5 

7 4.8 X 10-4 

8 5.4 X 10-3 

9 5.2 x 10-2 

10 3.5 x 10-1 

11 8.5 x 10-1 

12 9.8 x 10-1 
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The higher the pH of solution the more EDTA 4· species are formed. Selected metal­

EDTA formation constants (KMY) are also shown in table 4. 

Table 4 Selected metal-EDTA formation constants[75] 

Cation KMY 

Ag+ 2 x 107 

Fe"' 2.1 x 1014 

Co'" 2 x 1016 

Ni'+ 42 x 1018 

Fej
' 1 x 1025 

Vj + 8 x 1025 

From the data given in tables 3 and 4, a conditional constant (K'MY) can be calculated 

that predicts whether or not the metal-EDTA complex will form at a certain pH from 

equation 7. 

Equation 7[75] 

For example the stoiciometric reaction of a M~+ ion requires K'MY;:: 106
• For Co2+ at 

pH 2 K'MY = (3.7 x 10.14)(2 x 1016
) = 7.4 X 102 this value is much lower than that 

required for M~+. Therefore at pH 2 it would be unlikely that Co2+ would form a 

complex with EDT A. However it is known that the presence of octahedral complexes 

causes oxidation of Co2+ to Co3+[75,77] and table 4 shows that 3+ charged ions have 

much higher formation constants than 2+ charged ions. Therefore the conditional 

constant of Co3+ calculated using EDTA at pH 2 was thought to be suitable for 

complex formation of Co with EDT A. 
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2.4.1.2 Elution with EDTA and HCI eluants 

The following experiments investigate the effect on Ag, Co, Ho and Nb of using 0.01 

mol dm·3 disodium EDTA and 5 mol dm·3 HCl eluants with a cation exchange resin. 

A small column was prepared by placing 5 g of Amberlite IR-120 cation exchange 

resin (Na form) in a small glass burette. The column was washed with 5 mol dm-3 HCl 

(60 cm3
) converting the resin to H form. This was performed to ensure that the EDTA 

solution remained at a low pH as it passed through the column. The column was 

washed with distilled water (l0 cm3
). 

Two experiments were performed with a solution initially containing Co. The first 

experiment involved the sample being loaded onto the resin, followed by elution with 

EDTA solution and HC!. The second experiment involved a Co in EDTA solution 

being passed through the resin followed by elution of the resin with HC!. The two 

experiments were then compared to investigate the reaction of Co with EDT A at pH 

2. A high concentration of Co was used for these experiments and the behaviour of Co 

was observed. The solutions were initially a pink colour because of the high C02
+ 

concentration. 

In the first experiment 1000 mg dm-3 of Co solution (2 cm3
) was loaded onto the 

previously prepared resin. This was eluted with 0.01 mol dm-3 disodium EDTA 

solution (50 cm3
) at pH 2. The resin was then eluted with 5 mol dm-3 HCl (50 cm3

). 

In the second experiment another column was prepared as described previously but 

this time the Co solution was passed through the column in a O.oI mol dm-3 EDTA 

solution (50 cm3
) at pH 2. The resin was then washed with 5 mol dm-3 HCl (50 cm\ 

A further 5 mol dm-3 HCl eluant (150 cm~ was passed through the resin. 

The eluates of these experiments were not measured by ICP because the 

concentrations of Co were too high, however the observations are discussed in section 

3.3, chapter 3. 
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2.4.1.3 Reduced Co concentration 

A lower concentration of Co was used in the next experiment for detection by ICP to 

give quantitative results. Another resin column was prepared in the same way as 

before and a 10 mg dm-3 Co solution (5 cm3
) in O.oI mol dm-3 EDTA solution (PH 2) 

was passed through the column. The final volume was produced by passing water 

through the resin and diluting the eluate to 50 cm3 for ICP-AES analysis. 5 mol dm-3 

HCl (50 cm3
) was then passed through the resin in an attempt to remove the lower 

concentration of C03
+ adsorbed to the resin. The HCl solution was diluted for ICP­

AES analysis. 

The experiment was then repeated with 10 mg dm·3 Ag, Ho and Nb solutions (5 cm3 

of each) on the same resin to investigate the behaviour of these analytes compared to 

Co. 

The experiment was repeated twice but the solution was added to a freshly made 

column as a mixture containing 10 mg dm-3 Ag, Co, Ho and Nb in EDTA solution (5 

cm3
) instead of adding each element separately. The solutions were analysed by rcp­

AES analysis. 

A stronger concentration ofEDTA solution was then used to elute a solution of Ag, 

Co and Ho from a cation exchange resin after the analytes were pre-loaded onto the 

resin. 

2.4.1.4 Elution with higher concentration EDT A solution at pH 8 

In this experiment the EDTA solution was adjusted to a higher pH of 8 with 

ammonium hydroxide solution so that a higher proportion of EDT A 4- existed in 

solution providing a higher probability of Co-EDTA formation (a higher conditional 

constant would be obtained using the information in section 2.4.1.1). The resin was 

used in the Na form to prevent a decrease in pH as the solution was passed through 

the resin. The experiment was performed with 0.1 mol dm·3 EDT A solution. Nb was 
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not included in this experiment because it was found to be separated from the other 

elements instantly by elution with water. 

5 g of Amberlite IR-120 cation exchange resin (Na form) was placed into a glass 

column and washed with water. lOO mg dm-3 Ag, Co and Ho (I cm3
) were loaded 

onto the resin and washed with 0.1 mol dm-3 EDTA solution (50 cm3
) at pH 8. This 

was repeated and the solutions were analysed by ICP-AES. 

The following experimental section investigates the nature and concentration of the 

competing ion of eluants (the second and third characteristics of eluants listed in 

section 2.4) for the sequential separation of Ag, Co, Ho and Nb from each other. The 

investigation of eluants that cause octahedral complexes and therefore were non 

selective towards Co were avoided for the remaining separation method development. 

2.4.2 Attempted sequential elution of Ag, Co, Ho and Nb on cation resin 

The nature of competing ions is related to the selectivity coefficient for the ion 

exchange reaction between the analyte ion and the eluant ion[71]. An elutropic series 

showing the order of selectivity coefficients of selected cations is shown below. 

FigureS Order of selectivity coefficients for selected cations[7S] 

Pu4+» H03+ > Ae+ » Pb2+ > Ca2+ > Ne+ > Cu2+ > C02+ > Mg2+ » Ag + > Cs + > K+ 

> NH/> Na+ > H+ > Li+ 

Figure 8 shows that higher charged cations are more strongly adsorbed to the cation 

exchange resin than lower charged cations. At equal ionic charge, the elution strength 

sequence depends primarily on the size of the ion and its polarisability but it also 

depends on the properties of the ion exchanger itself[79]. 

The following experiments investigate the elution behaviour of Ag, Co, Ho and Nb by 

increasing the strength of various eluants in attempts to sequentially elute these 
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elements. The experiments were performed using Amberlite IR-120 cation exchange 

resin. 

2.4.2.1 Elution with NHiOH 

Ammonium hydroxide is formed in ammonia solution via the equilibrium shown 

below. 

Equation 8[80] 

As the strength of ammonium hydroxide increases the equilibrium shifts to the right 

increasing the amount of NH/ and OH" ions in solution. This therefore increases the 

chance of eluting the adsorbed cations by the exchange of NH/ ions with the 

adsorbed cations. Increasing strengths of ammonium hydroxide solutions were used in 

an attempt to elute Ag+, C02+ and H03+ from a cation exchange resin. Nb was not 

included in the experiment because it was known from previous experiments to pass 

through the resin as an anionic fluoro complex. 

2 g of Amberlite IR-120 cation exchange resin were placed in a small column. lOO mg 

dm-3 Ag, Co and Ho solution (4 cm3) was loaded onto the resin. The column was then 

washed with 0.1 mol dm-3 ammonia solution producing a 50 cm3 eluate. 0.5, 1,2,3,4 

and 5 mol dm-3 ammonia solutions were then passed through the resin (50 cm3 of 

each). Each eluate was diluted by pipetting 12.5 cm3 and diluting to 50 cm3 with 

distilled water for ICP-AES analysis. 

Despite ammonium hydroxide possessing strong complexation properties through 

amine complex formation, the elutropic series in figure 9 shows that the hydroxide ion 

has the lowest selectivity coefficient of the ions shown in the series. 

Figure 9 Order of selectivity coefficients for selected anions[78] 

C6Hsol > CI04- > SCN" > r > S20t > crOl- > sol- > HPol- > N03 -> Br" > N02-

> CN- > HC03-> CH3COO- > HCOO- > CI03- > P- > OH-
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The low selectivity coefficient of the hydroxide ion does not favour the separation of 

the analytes from each other by selective de-adsorption. Experiments were therefore 

performed using an eluant containing an anion that was higher in the elutropic series 

than OH' and therefore possessed a higher selectivity coefficient. 

2.4.2.2 Elution with HNOJ 

Increasing strengths of HN03 solutions were investigated. The following experiments 

were batch experiments rather than column experiments for simplification. Nb was 

included in this experiment and used as a control. It was known that Nb passed 

through the resin as a fluoro complex therefore the elution of the other analytes were 

compared to the 100% elution of Nb. 

The batch experiments involved placing Amberlite IR-120 cation exchange resin (1.5 

g) into twelve small glass vials. 1000 mg dm·3 Co, Ag, Ho and Nb solutions (0.1 cm3 

of each) were pipetted into each of the first nine vials and 0.2 cm3 into the other three 

vials. The increased concentration was to enable the detection of the analytes after 

dilution of the eluates. The vials were covered with cling film and left standing for 2 

hours to ensure complete adsorption of the cations to the resin. 0.1 mol dm·3 HN03 

(10 cm3) was added to each of the first three vials. 0.2 mol dm·3 HN03 (10 cm3) was 

added to each of the next three vials. 0.5 mol dm·3 HN03 (10 cm3) was added to a 

further three vials and 1 mol dm·3 HN03 (10 cm3) was added to the last three vials. 

Each vial was shaken and left to stand for 12 minutes. The acid was then poured 

carefully into volumetric flasks taking care not to transfer any resin from the vials. 

The procedure was repeated several times until a final volume of 100 cm3 was 

collected in each volumetric flask. The solution collected from the last three vials was 

diluted by measuring 50 cm3 and diluting to 100 cm3 with distilled water for ICP-AES 

analysis. The dilution was necessary to lower the acid concentration before analysis. 

A method which separates Co from Ag, Ho and Nb was ideal. However the attempted 

methods so far did not achieve this which led to the investigation into the separation 

of individual analytes from Co. The next section investigates methods of separating 

AgfromCo. 
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2.5 Separation of Ag from Co 

Thiocyanate is known to complex with Ag fonning the Ag cyanide complexes 

[Ag(CN)2r, [Ag(CN)3t and [Ag(CN)4]3"[81]. These complexes occupy a relatively 

large amount of sites on an exchange resin and it was therefore possible to pre­

concentrate Ag on an anion exchange resin[82]. Ammonium thiocyanate was not 

suitable for the detennination of Ag in samples containing Fe (e.g. steel samples) 

where it was desirable to separate Ag from Fe because of the fonnation of complexes 

containing Fe(CNM83]. It has also been reported that Ag was pre-concentrated in 

matrices containing other metals such as Fe, Cll, Ni etc. on Amberlite XAD-16 cation 

exchange resin in an acidic medium using a potassium thiocyanate eluate[84]. After 

careful consideration it was decided not to attempt a method of separation for Ag 

from Co using a thiocyanate eluant because of the eluants ability to react with many 

different metals including Cu, Zn, Ni and Fe[83,84]. E!uants containing the SCN" ion 

are also shown to be higher in the e1utropic series (Figure 9, section 2.4.2.1, chapter 2) 

than eluants containing the N03- ion. This infonnation together with results from 

HN03 elution of the anaIytes suggest that because of the strength of the eluant, Co 

would be eluted with Ag. 

The focus of the investigation was then turned away from ion exchange and towards a 

different method of Ag separation. 

2.5.1 Ag precipitation 

Age! precipitation was a problem in the original dissolution method where He! was 

added to the dissolving solution. However the next set of experiments investigates the 

precipitation of Age! as a possible separation method for separating Ag from Co after 

the successful transfer of these elements from solid waste samples to solution. NaCI 

was chosen instead of HC! to precipitate Agel to avoid altering the acidity of 

solution. 

35 



2.5.1.1 Precipitation using NaCI 

A solution containing 100 mg dm-3 Ag, Co, Ho and Nb (I cm3
) was added to a 50 cm3 

volumetric flask. This was diluted to 50 cm3 with 0.1 mol dm-3 NaCl solution. The 

solution was filtered through a 0.1 ).lm pore filter paper. The procedure was carried 

out twice and analysed by ICP-AES. 

The concentration ofNaCl was then increased in an attempt to fully precipitate Ag. A 

solution containing lOO mg dm-3 Ag, Co and Ho (I cm3
) was added to a 100 cm3 

volumetric flask. This was diluted to 100 cm3 with 0.2 mol dm-3 NaCl solution. The 

solution was filtered through a 0.1 ).lm pore filter paper and analysed by ICP-AES. 

The following experiments were performed to determine the type of species of the 

remaining Ag which did not precipitate. 

2.5.1.2 Precipitation using NaCI followed by cation exchange 

A solution containing 100 mg dm-3 Ag, Co, Ho and Nb (1 cm3
) was added to a 100 

cm3 volumetric flask. This was diluted to 100 cm3 with 0.2 mol dm-3 NaCl solution. 

The solution was filtered through a 0.1 J.lffi pore filter paper. The solution was passed 

through 5 g Amberlite IR-120 cation exchange resin. The method was performed 

twice and the solutions were analysed by ICP-AES. 

The next experiment was performed to confirm the nature of the remaining Ag 

species. 
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2.5.1.3 Precipitation using NaCI followed by anion exchange 

A solution containing 100 mg dm-3 Ag, Co, Ho and Nb (1 cm3
) was added to a 100 

cm3 volumetric flask. This was diluted to 100 cm3 with 0.2 mol dro-3 NaCl solution_ 

The solution was filtered through a 0.1 !lm membrane filter paper. The solution was 

then passed through 5 g of Do we x IXS-50 (chloride form) resin. The experiment was 

performed twice and the solutions analysed by ICP-AES. 

A precipitating reagent that forms a Ag complex with a much lower solubility product 

than AgCl was investigated. 

2.5.1.4 Precipitation using KI 

The solubility of AgI and AgCl are compared below. 

Figure 10 Solubility products for Agel and AgI[S5] 

AgC1 Ksp = LS X 10-10 mol dm-3 

AgI Ksp = LOS X 10-16 mol dro-3 

Figure 10 shows that AgI is less soluble than AgCl and therefore KI was used in an 

attempt to precipitate 100% Ag as Agl. 

A solution containing 100 mg dro-3 Ag, Co, Ho and Nb (1 cm3
) was added to a 50 cm3 

volumetric flask. This was diluted to 50 cm3 with 0.1 mol dro-3 KI solution_ The 

solution was filtered through a 0.1 !lID pore filter paper. The experiment was 

performed twice and the solutions analysed by ICP-AES. 

Ag and Co have been known to co-precipitate as metal dithizonates with precipitation 

of phenolphthalein in water sarnples[S6]. However the following zirconium hydrogen 

phosphate method was chosen for investigation because it involves specific co­

precipitation of AgI in the presence of similar elements to the analytes under 

investigation. This method reported quantitative levels of Ag below ppb levels[S7]. 
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2.5.2 Attempted AgI co-precipitation with Zr(HP04)2 

Phosphoric acid reacts with zirconium nitrate producing Zr(HP04)z[88,87]. The 

crystalline phases of zirconium phosphate (Zr(HP04h) consist of layer structures 

similar to 2:1 clay minerals[89]. The formation of these crystals have been reported to 

co-precipitate Ag as AgI by adsorption to its surface[87]. 

The following method was attempted to achieve co-precipitation of AgI with 

Zr(HP04)2 by the addition of KI. The method was originally reported to have been 

performed on mineral samples of Galena to determine Ag in the presence of various 

different elements including Pb[87]. The method involved a similar HN03 dissolution 

stage to that investigated for tacky swab samples. The method was therefore applied 

to solutions containing Ag, and Co as described below. 

1000 mg dm·3 Ag and Co solutions (0.1 cm3) were added to a 100 cm3 volumetric 

flask. Concentrated HN03 (0.96 cm3) was added to the flask to obtain a similar matrix 

composition to that of dissolved tacky swab samples. The solution was diluted to 97 

cm3 with distilled water. KI (1.6 g) was added to the solution and dissolved. 0.01 mol 

dm·3 zirconium nitrate solution (1 cm3) was added to the flask. Concentrated 

phosphoric acid (1 cm3) was added dropwise and the solution was diluted to 100 cm3 

with distilled water. The solution was left to stand for 30 minutes before it was 

filtered through a 0.1 Ilm pore filter paper and analysed by ICP-AES. 

To promote the co-precipitation reaction, the experiment was repeated three times 

using excess Ag and ZrO(N03)2. 1000 mg dm·3 Ag and Co stock solutions (0.2 cm3) 

and 0.05 g of ZrO(N03)2 solid were used. ZrO(N03)2 was initially dissolved using an 

ultrasonic bath. The solution was left overnight before filtration. The filtrate was 

analysed by ICP-AES. 

Although Ag precipitation experiments using NaCI were successful at separating 80% 

Ag from Co, a method was preferred that achieved a separation with Ag remaining in 

solution rather than as a solid precipitate. This was preferred to avoid a different 
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counting geometry than the solution at the dissolution stage of the method when 

applied to radioactive samples analysed for I08m Ag. 

It was shown in previous method development work that it was difficult to separate 

Co from Ag, Ho and Nb in one step using cation exchange methods. The next method 

of Ag separation from Co involved the elution of a cation exchange resin with a Ag 

selective eluant. 

2.5.3 Elution of cation exchange resin with NaN02 eluant 

Previous experiments showed that the elution of cation exchange resins loaded with 

Ag and Co using anunonium hydroxide and hydrochloric acid were unsuccessful at 

eluting either Ag or Co. The use of a nitric acid eluant showed elution of both Ag and 

Co. The N03' ion reacted with Ag and Co but favoured reaction with Ag. The N02' 

ion which was shown to possess similar elution characteristics to N03- (Figure 9, 

section 2.4.2.1) was therefore considered. 

Ag was reported to be quantitatively separated from Co on Amberlite IR-120 cation 

exchange resin (Na fonn) by using a 2% (w/v) NaN02 eluant[90,91]. The Ag nitrite 

complex fonnation is shown below. 

Equation 9[90] 

The following experiments were perfonned in a fume cupboard because the acidic 

solution containing Co and Ag that passed through the resin caused evolution of the 

brown nitrogen dioxide gas. 

10 g of Amberlite IR-120 cation exchange resin (Na fonn) were placed into a small 

plastic column and washed with 100 cm3 distilled water. 1000 mg dm·3 Ag and Co 

stock solutions (0.1 cm3) and concentrated HN03 (0.96 cm3) were diluted to 100 cm3, 

passed through the resin and analysed by ICP-AES. The solution was slightly acidic 

to match the matrix of dissolved tacky swab samples. 2% NaN02 solution (200 cm3) 

was passed through the resin and collected in 10 cm3 fractions for ICP-AES analysis. 

The concentration ofNaN02 was then increased in an attempt to elute the remaining 
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Co from the resin. A 5% NaN02 solution (200 cm3
) was then passed through the resin 

and collected in 50 cm3 fractions for ICP-AES analysis. 

2.5-3.1 Increased contact time of NaN02 on the resin 

The last experiment was repeated with the first 10 cm3 2% NaN021eft in contact with 

the resin for 30 minutes before elution. The contact time was increased to prevent 

elution of the small amount of Co observed in the second 10 cm3 fraction that was 

believed to be a result of the formation of nitrogen dioxide gas bubbles that produced 

a channel through the resin through which Co escaped adsorption to the resin. After 

30 minutes most of the gas bubbles had escaped from the resin and the elution with 

NaN02 was performed. The 200 cm3 2% NaN02 eluate was collected in 20 cm3 

fractions for ICP-AES analysis. The resin was then eluted with a further 100 cm3 2% 

NaN02 solution and also collected in 20 cm3 fractions. This was performed in an 

attempt to elute a higher yield of Ag and hence increase its separation from Co. The 

resin was then eluted with 5% NaN02 solution (400 cm3
) to remove Co from the 

resin. The resin was finally eluted with 8% NaN02 solution (200 cm3
) to elute any 

remaining Co on the resin. The solutions were collected as 100 cm3 for ICP-AES 

analysis. 

The experiment was repeated four times with 200 cm3 2% NaN02 eluent because this 

was found to be sufficient for the Ag separation from Co in previous experiments. 

The solutions were analysed by ICP-AES. 

2.6 Separation of Ho from Co 

The similarity of the behaviour of Ho and Co towards EDTA led to the investigation 

being focussed on the separation of Ho from Co using different eluants on a cation 

exchange resin. 

2.6.1 Ammonium citrate eluant 

Ion exchange methods have been developed for the separation of rare earth elements 

using Amberlite cation exchange resin[92]. The rare earth elements adsorbed to the 
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resin and were then eluted with citric acid-anunonium citrate solutions[92]. The 

method has also been applied to radioactive isotope separations[92]. 

The citrate anion c6Hsol- elutes the rare earth 3+ charged cations[93,94]. Therefore 

experiments were performed to investigate separating H03
+ from C02

+ on a cation 

exchange resin by eluting the resin with anunonium citrate solution. It was shown 

previously in figure 9 (section 2.4.2.1, Chapter 2) that the citrate ion occupied the 

highest position in the elutropic series and therefore was the most likely of the anions 

shown in the figure to elute the strongly bound Ho cation from the resin. 

5 g of Amberlite IR-120 cation exchange resin were placed into a small glass burette. 

100 mg dm-3 Ag, Co and Ho solution (1 cm3
) was loaded onto the resin and washed 

with 0.1 mol dm-3 anunonium citrate solution (50 cm3
) at pH 8. The experiment was 

performed twice and the solutions analysed by ICP-AES. 

It was noticed that the use of a cation exchange resin in the hydrogen form reduced 

the pH of the anunonium citrate solution as it passed through the resin therefore the 

experiment was repeated a further two times using the sodium form of the cation 

exchange resin and the solutions were analysed by ICP-AES. 

Two eluants were then chosen for investigation that were expected to selectively elute 

Co from a cation exchange resin leaving Ho adsorbed. 

2.6.2 Ammonium oxalate eluant 

Ammonium oxalate contains the oxalate anion C20l-[76] and was used as a 

complexing reagent to elute Co from cation exchange resin. 

5 g of Amberlite IR-120 cation exchange resin (Na form) were placed into a small 

glass burette. 100 mg dm-3 Ag, Co and Ho solution (1 cm3
) was loaded onto the resin 

and washed with 0.1 mol dm-3 anunonium oxalate solution (50 cm3
) at pH 8. The 

experiment was performed twice and the solutions analysed by ICP-AES. 
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2.6.3 Nitroso-R salt eluant 

The nitroso-R salt reagent (sodium l-nitroso-2-hydroxynaphthalene-3,6-disulphonate) 

is a common complexing reagent for Co[95,94,97]. Experiments were performed to 

investigate the complexing behaviour of the salt towards Co and Ho in attempts to 

separate Co from Ho by the elution of a Co nitroso complex from cation exchange 

resin. 

lOO mg dm·3 Co and Ho solution (I cm~ were loaded onto 5 g of Amberlite IR-120 

cation exchange resin. The resin was washed with 0.01 mol dm·3 nitroso-R salt 

solution (50 cm\ The resin was washed with a further 50 cm3 0.01 mol dm-3 nitroso­

R salt solution and the solutions were analysed by ICP-AES. 

None of the eluants investigated were found to be successful at separating Ho from 

Co after they were loaded onto cation exchange resin. It was however reported that 

Co was successfully extracted from solution and separated from similar metals such 

as Fe and Ni using a chromatographic column coated with tri-n­

octylamine(TnOA)[98]. After careful consideration the method involving the Co 

specific TnOA reagent was not investigated further because the separated metals were 

present as anionic chloro complexes from a HCl medium. The method was therefore 

not suitable for the separation of Co in a solution containing the Ag analyte because 

of AgCl precipitation. An anion exchange method was also reported for the separation 

of Ho from similar rare earth elements using HEDTA solution[99]. However a Ho 

specific resin was instead chosen for investigation, provided by Eichrom Europe[1 00]. 
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2.6.4 Lanthanide resin 

Table 5 shows selected extraction chromatography resins and their applications. 

Table 5 Applications of selected extraction chromatography resins[100] 

Resin Selectivity 

TRUresin Actinides(II1, IV, VI), Ln(III) 

UTEVAresin U(VI) 

Lnresin Ln(II1) 

Actinide resin Actinides 

Ln resin is the abbreviation for lanthanide resin, this material is used in extraction 

chromatography[IOO] for the separation of rare earth elements and was therefore 

suitable for the pre-concentration of Ho. The use of the resin for pre-concentration 

combines the selectivity of liquid extraction with column chromatography[IOO,IOI]. 

The lanthanide resin consists of an inert support of porous silica with the stationary 

phase being a dialkyl phosphoric acid such as HDEHP[IOO,98]. Selectivity is 

achieved through electrostatic and steric effects[lOO]. 

2.6.4.1 Extraction of Ho using lanthanide resin 

The following experiments investigate the adsorption of Ho onto lanthanide resin in 

the presence of Co. The procedure was adapted from a Pm / Srn separation method 

provided by Berkeley Centre[l02]. 

1.65 g oflanthanide resin were mixed with 0.15 mol dm·3 
HN03, placed in a 10 cm3 

plastic column and left to settle. 0.15 mol dm·3 
HN03 (5 cm3

) was then passed 

through the column. 1000 mg dm-3 Co and Ho solutions (0.5 cm3
) in 0.15 mol dm-3 

HN03 (4 cm3
) were loaded onto the resin. The resin was then eluted with 0.15 mol 

dm-3 
HN03 (ISO cm\ The eluate was diluted to 250 cm3 with distilled water. The 

elution was repeated with further 0.25 mol dm-3 
HN03 (2 x 150 cm3

) and I mol dm-3 
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RNO] (150 cm3
) and the same dilutions made with distilled water. The eluates were 

analysed by ICP-AES. 

The experiment was repeated without elution of the resin with 1 mol dm-3 HN03. The 

eluates were analysed by ICP-AES. 

Experiments were performed to investigate the behaviour of Ho towards the 

lanthanide resin with the analytes Nb and Ag also in solution. 

2.6.4.2 Extraction of Ho and Nb using lanthanide resin 

1000 mg dm-3 Co, Ho and Nb solutions (0.5 cm3 of each) in 0.15 mol dm-3 HN03 (3.5 

cm3
) was pipetted onto 1.65 g lanthanide resin and washed with 0.15 mol dm-3 HN03 

(150 cm\ The sample was diluted to 250 cm3 with distilled water. The experiment 

was repeated three times and the solutions analysed by ICP-AES 

1000 mg dm·3 Ag, Co, Ho and Nb stock solutions (0.25 cm3 of each) were added to 

1.65 g lanthanide resin and washed with 0.15 mol dm-3 HN03 (ISO cm\ The sample 

was diluted to 250 cm] with distilled water. The experiment was performed three 

times and the solutions analysed by ICP-AES. 

The successful separation of Ho and Nb from Ag and Co using lanthanide resin was 

then applied to dissolved tacky swab samples. 

2.6.4.3 Application of Ln resin separation to dissolution samples 

The dissolution samples prepared in previous experiments contained a HN03 

concentration similar to that used for the successful separations of Ho and Nb from 

Ag and Co. Therefore these dissolved tacky swab samples were passed through 

lanthanide resin columns for comparison. 

A dissolution sample containing 4 mg dm-3 Ag, Co, Ho and Nb was diluted by 

pipetting 12.5 cm3 of the 500 cm3 solution into a 50 cm3 flask and diluting to 50 cm3 

with distilled water to produce a solution with a sufficiently low acid concentration 
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for the separation using lanthanide resin. This was analysed by ICP-AES. Another 

dilution was made from the same sample in the same way and passed through 1.65 g 

of lanthanide resin and analysed by ICP-AES. The experiment was repeated several 

times using different dissolution samples. 

Dissolution samples containing higher concentrations of Ag, Co, Ho and Nb (8 mg 

dm-3
) were then diluted in the same way as in the last experiment and passed through 

lanthanide resin columns and analysed by ICP-AES. 

The dissolution samples were passed through the lanthanide resin at a very slow rate 

of less than one drop per second and the method of separation was very time 

consuming. The following experiment investigates the effect of increasing the flow 

rate of solution through the resin on the adsorption of Ho and Nb in an attempt to 

reduce the time of separation. 

2.6.4.4 Flow rate of solution through lanthanide resin 

Solutions containing 1000 mg dm-3 Ag, Co, Ho and Nb (4 cm3 of each) were diluted 

to 2000 cm3
• 500 cm3 of this solution was then pumped through 1.65 g oflanthanide 

resin at approximately 40 cm3 min -I using a peristaltic pump and stored for analysis. 

Another 500 cm3 of the same solution was pumped through the resin at approximately 

70 cm3 min-I and stored for analysis. This was repeated at a faster flow rate of 

approximately 100 cm3 min-I using another 500 cm3 of solution. Each of the solutions 

were analysed by ICP-AES. 

Following the successful separation of Ag, Ho and Nb from Co, the analysis of 

radioactive tacky swab and filter paper samples was investigated. 
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2.7 Radioactive tacky swab I filter paper samples 

The easily measured principal long-lived radionuclide 60Co is known to be present in 

excess on radioactive tacky swab and filter paper samples. The long-lived 

radionuclides 108m Ag, 9"Nb and 166mHo are estimated to be present in 

Decomrnissioning Waste at much lower concentrations and may therefore be present 

in tacky swab and filter paper samples. Some properties of the radionuclides of 

interest are listed in table 6. 

Table 6 Isotope properties[103] 

Radionuclide Half-life (y) Energies of Intensity of 

gamma emissions energies (%) 

(keY) 

JU.mAg 418 720 90 

620 90 

430 90 

""Nb 20,000 890 100 

703 100 
loomHo 1,200 80 100 

185 100 

706 80 

817 80 
oVCo 5.27 1332 99 

1172 99 

Each isotope has a long half-life and emits ganuna emissions of various energies 

which give rise to peaks when measured by ganuna spectrometry. The two 60CO 

signals produce Compton edge scattering which swamps any peaks that arise from the 

analyte radionuclides because 60Co is present in excess. Therefore the detection of the 

analytes by ganuna spectrometry is difficult and requires the removal of 6OCO from 

these analytes. 
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2.7.1 Application of dissolution and sepa ration methods 

The fl ow chart in fi gure I I shows the combined disso lution and separation methods 

perfomled on two duplicate radioactive tacky swab samples and two duplicate 

rad ioactive fi lter paper samples at Berkeley Centres Low Level Active Facility. The 

samples were used to transfer dust consisting of various rad ionuciides carried via the 

gas circui ts that co llect in the boilers outside of the reactor core of the Berkeley 

Magnox reactor. 

Figure 11 Summary of combined methods for swab / filter samples 

Co. Ag. Ho and Nb on I8IIIpIe 

L-__ -. __ ---' (Ho retention) 

(Co adsorption) 

+ NaNO, (aq) 

(Nb separation) AnaIICllulon NaNOz eIualB (Ag separation) 

The radioacti ve samples were doped with inactive Ag, Co, Ho and Nb tracers for two 

reasons. 

(i) To compare the behav iour of those tracer elements with method 

deve lopment experiments. 

(ii) To correct acti vity measurements for the yield of the particular element o f 

interest. 

Once the radioactive samples were dissolved, the lanthan ide resin. cation resin and 

NaN02 separation methods were appl ied to separate and determine the radioanalytes 

and inactive tracer elements. The fo llowing experimental procedure details these 

combined methods perfonned on radioactive samples. The step by step procedure is 
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also shown in the Work Instruction (MSTLU002, Appendix A) produced for BNFL 

for the analysis of radioactive samples. 

2.0 g of radioactive sample were placed into a 250 cm3 conical flask. The sample was 

doped with 1000 mg dm-3 Ag, Ho and Nb stock solutions (2 cm3 of each) and 10,000 

mg dm-3 Co stock solution (0.2 cm3). Fuming HN03 (15 cm3) was added to the flask, 

covered with a watch glass and left overnight. 5 mg dm-3 iron carrier solution (2 cm3) 

and a magnetic stirrer were added to the flask and heated between 80 and 90°C for 1 

hour using a hot plate. The solution was cooled to room temperature and diluted with 

distilled water (150 cm\ The solution was filtered through a 0.45 J.tIll pore filter. The 

filter was heated to 500°C for 30 minutes in a zirconium crucible. After cooling, 

Na202 (1.0 g) was added and the residue was heated to 600°C for 30 minutes. The 

black residue was cooled, suspended in distilled water (40 cm3) / 6 mol dm-3 HN03 

(10 cm3) and filtered through a 0.45 J.tIll pore filter. The two filtrates were combined 

and diluted to 2000 cm3 with distilled water obtaining a solution with a sufficiently 

Iow acid concentration for the following separation stages. The solution was pumped 

through 1.65 g of lanthanide resin at approximately 10 cm3 min-! using a peristaltic 

pump. The solution was passed through 10 g ofpre-washed AmberIite IR-120 cation 

exchange resin (Na form) and collected for analysis. 2% NaN02 solution (10 cm3) 

was added to the cation resin and left in contact with the resin for 30 minutes. The 

resin was eluted with 2% NaN02 solution producing a 200 cm3 eluate. The solution 

was analysed at each stage of the method by ICP-AES analysis to trace the behaviour 

of Ag, Co, Ho and Nb. The solutions and resins were analysed by gamma 

spectrometry. 

2.7.2 ICP-AES analysis 

10,000 mg dm-3 Co, 1000 mg dm-3 Ag and Ho and 1011 mg dm-3 Nb stock solutions 

were used to produce the following ICP-AES standards. A 50 mg dm-3 Ag, Co, Ho 

and Nb solution was produced by pipetting 10,000 mg dm-3 Co solution (0.5 cm3), 

1000 mg dm-3 Ag and Ho solutions (5 cm3 of each) and 1011 mg dm-3 (4.9 cm3) into 

a flask and diluting to 100 cm3 with distilled water. A series of standards were then 

produced containing Ag, Co, Ho and Nb at 0.5, 1.5, 3 and 6 mg dm-3 by pipetting 1, 

0.75, 6 and 12 cm3 of the 50 mg dm-3 solution respectively into separate flasks and 
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diluting to 100 cm3 with distilled water and concentrated RN03 (5 cm3). RN03 was 

added to match the dissolution sample matrices. 

The wavelengths used for detection were 328.0 nm for Ag, 228.6 nm for Co, 345.6 

nm for Ho and 309.4 nm for Nb. 

2.7.3 Blank swab I filter samples 

2 g of inactive tacky swab and filter paper samples were doped with inactive tracer 

elements and the combined dissolution and separation methods detailed in section 

2.6.2 were performed on these samples at Berkeley Centre. The inactive method 

development experiments performed at Loughborough University showed different 

behaviour of the Nb analyte to the radioactive samples and it was therefore necessary 

to perform these blank sample experiments at Berkeley Centre using the Nb stock 

solution provided for doping the radioactive samples. 

2.7.4 Gamma spectrometry analysis 

The radioactive swab and filter samples were analysed by gamma spectrometry in 100 

cm3 top pots at each stage of the method. Total counting time was not less than 20,000 

seconds. Long counting times were chosen for analysis to improve the sensitivity of 

detection. The counting efficiency for each sample was calculated using equation 10. 

E.(%) = eps x 100 

dps 

cps = counts per second, dps = disintegrations per second 

Equation 10 

The resins were measured as slurries and the counting geometry was accounted for by 

measuring the slurries as 'filter' geometries with the resin beads evenly spread out 

across the bottom of the pots. 
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Following the successful development and application of dissolution and separation 

methods for tacky swab and filter paper samples, the project focused on developing 

dissolution and separation methods that can be applied to directly measure 

radioanalytes in steel waste samples. 

2.8 Steel samples 

The type of steel used in nuclear power stations varies depending on which 

components are used in each specific part of the building. Boron containing steel is 

common in Decommissioning Waste because throughout the life of the reactor, .the 

fission process is controlled by "control rods", containing boron. When these rods are 

lowered into the reactor, they adsorb neutrons and the fission process slows down. 

The reactor vessel itself consists of eight inch thick steel and the concrete shield 

around the reactor vessel is lined with stainless steel. Therefore it is important to 

analyse the various types of steel and to assess the impact of neutron activation on the 

varying elements contained in those steels. Waste metal includes structural 

components, valves, pumps and tools made of stainless steel, mild steel or nonferrous 

metals, used during maintenance or decommissioning of nuclear facilities. Table 7 

shows the typical elemental composition of common steel samples in 

Decommissioning Waste. 

Table 7 Selected steel compositions[104] 

Type of Steel Typical Elemental Composition 

Stainless Steel Mostly Fe, 18% Cr, 9% Ni, 1 %Ti, < 1 % 

C, P, S, Mn, Si, Al 

Mild Steel 99% Fe, 0.007-0.2% Ni, < 1% C, P, S, 

Mn, Si, Al 

Boron Steel Mostly Fe, 8% Ni, 3-4% B, < 1 % C, P, S, 

Mn, Si, Al 

Low alloy Steel Mostly Fe, 1% Ni, < 1% C, P, S, Mn, Si 
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IOSm Ag and 94Nb are the dominant radionuclides in steel waste[3]. Radioactive steel 

samples often require direct gamma measurement of IOSmAg, 9~ and to a lesser 

extent 166mHo radionuclides in the presence of excess 60CO and 55Fe[7]. The 

determination of \oSm Ag and 9"Nb by separation from excess 60CO is required because 

of the Compton edge scattering in gamma spectrometry similar to the radioactive 

swabs and filters. The determination of Ag and Nb by separation from Fe is also 

required because high concentrations of Fe interfere with ICP emission spectra of Ag, 

Nb and Ho tracer elements added to radioactive samples. 

Traces of 60Co have been successfully determined in steel samples without pre­

concentration and pre-separation by HPLC[I05]. However the following 

investigations into Co separation from Ag and Nb involve relatively simple ion 

exchange techniques and ICP-AES is a standard measurement technique for 

measuring Co in steel samples[106]. 

Steel samples have been digested by microwave digestion methods[16]. Methods 

have also been reported that involve analysis of specific radioisotopes such as 3H in 

steel and 36Cl and 1291 in concrete which use acid dissolution as a pre-concentration 

step[107,I08]. The following experimental work investigates dissolution and 

separation methods for the analysis of the four common types of steel in 

decommissioning waste shown in table 7. Like previous tacky swab method 

development work, the method development for steel samples involved using samples 

that were not radioactive. The determination of Ag, Co, Ho and Nb in the following 

dissolution and separation experimental work for steel samples was performed by 

ICP-AES analysis. The dissolution method development for steel samples was based 

on a method provided by Berkeley Centre[109]. The method involved dissolving the 

steel samples in HCl, HN03 and HF. 
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2.8.1 Stainless steel dissolution 

A stainless steel control sample (0.5 g) was added to a 250 cm3 polypropylene conical 

flask. Concentrated HN03 (3.5 cm3), concentrated HCI (5 cm3) and concentrated HF 

(1.5 cm3
) were added to the sample and left overnight. The sample had not fully 

dissolved therefore it was heated at 90°C for 20 minutes. The sample was diluted to 

500 cm3 with distilled water for ICP-AES analysis. 

The experiment was then repeated but the dissolved sample was doped with 1000 mg 

dm·3 Ag, Co, Ho and Nb solutions (1 cm3 of each). HCI was not added to the sample 

to prevent precipitation of AgCl observed in previous tacky swab and filter paper 

samples. HCl was replaced by the addition of a further 5 cm3 concentrated HN03 (8.5 

cm3 concentrated HN03 in total). The sample was much more difficult to dissolve 

without HCl and was therefore heated for 1 hour at 90°C, left overnight and then 

heated for a further 3 hours at 90°C. Most but not the entire sample dissolved. The 

sample was diluted to 500 cm3 with distilled water for ICP-AES analysis. 

The last experiment was repeated with 3 hours of heating at 90°C, left overnight and a 

further 3 hours of heating at 90°C to further dissolve the sample. The sample was 

diluted to 500 cm3 with distilled water for ICP-AES analysis. 

Stainless steel was found to be too difficult to fully dissolve without using HCI and 

therefore methods of separation for Fe and Co were investigated on the partially 

dissolved steel sample. 

Fe and Cr are known to be removed from steel samples with zinc oxide allowing 

determination of Co[llO]. This method appears suitable for the removal of Fe from 

stainless steel samples which also contain Cr. It has also been reported that Fe, Co and 

Ni were separated from each other on an ion exchange resin with varying 

concentrations ofHCl[lll]. However both these methods of Fe and Co removal were 

not suitable for the analysis of Ag because they involved the use ofHCI which would 

produce a AgCl precipitate. 

52 



2.8.2 Separation of Nb from Co in stainless steel 

The determination of trace amounts of 9"Nb in steel and stainless steel have been 

reported[112,113,114]. The separation of Nb in steel samples has also been 

investigated by the removal of the iron matrix[115]. However the method uses a 

solvent extraction technique which is undesirable for large scale radionuclide 

separations because of the large amount of organic solvent waste produced. 

It was thought that Nb may be separated from Co and Fe using a similar method to 

that used for tacky swab samples. Most of the trace metals in stainless steel 

dissolutions are present as cations (e.g. C02
+ and Fe3

"') in soluble nitrates whereas Nb 

was thought to be present as the anionic fluoro complex [NbOFst and would 

therefore pass through a cation exchange resin. The theory was supported by reports 

of Nb retention on anion exchange resin in the presence of2 mol dm·3 HP whilst the 

Fe matrix was not retained[116,117]. The method reported, used a flow injection 

technique which is widely applied to the separation and pre-concentration of trace and 

ultra trace concentrations of metals to improve the sensitivity of determination and to 

eliminate interferences from the sample matrix[118,119,120]. The instrumentation 

available was limited and therefore the principals of this method were investigated 

using a relatively simple ion exchange experiment. Instead of eluting Nb from anion 

exchange resin with a mixture of HN03 and HCl reported in the method[116], the 

interfering elements Fe and Co were retained on a cation exchange resin whilst Nb 

passed through the resin in solution. This avoided using an unnecessary elution step. 

The partially dissolved stainless steel samples from the last two experiments were 

therefore passed through two separate columns containing 109 of Amberlite IR-120 

cation exchange resin and the solutions were analysed by ICP-AES. 
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2.8.3 Separation of Ag from Co in stainless steel 

Ag has been determined in alloy steel by elution from a cation exchange resin with 

potassium thiocyanate[84J. However this was achieved in the presence of high 

concentrations of Fe, Ni and other metals. Therefore this method was not suitable for 

the steel samples being investigated because Ag requires separation from excess Fe 

and Co. Ammonium thiosulphate has been reported to separate Ag from Fe after 

loading a strong cation exchange resin with the Ag[SCINH2hJt thiourea cation 

complex[121J. The Ag was then eluted as the AgS203' complex[121J. After careful 

consideration it was chosen not to investigate this method further because steel 

samples contain many different metal cations and resins generally exhibit non­

selective adsorption characteristics. This would complicate Ag desorption with the 

high loading of metal ions on the resin[121J. This reason also applies to the 

considered investigation of the NaN02 eluate for the elution of Ag from a cation 

exchange resin. However as the method was successful at separating Ag from Co in 

tacky swab samples, the relatively simple method was attempted on dissolved 

stainless steel samples. 

The two cation exchange resins that the previous two partially dissolved stainless steel 

samples passed through were both eluted with 200 cm3 NaN02 solution (2% w/v). 

The eluates were diluted to 500 cm3 and analysed by ICP-AES. 

Mild steel does not contain any Cr or Ti and the samples were therefore easily 

dissolved in HN03. 

2.8.4 Mild steel dissolution 

A piece of mild steel (0.5 g) was added to a 250 cm3 polypropylene conical flask. The 

sample began to react with HN03 as it was being added and therefore 5 cm3 

concentrated HN03 was added to the sample. The sample fully dissolved in HN03 

after I hour of heating at 90°C. The sample was diluted to 500 cm3 with distilled 

water for ICP-AES analysis. The dissolution was performed twice and the solutions 

analysed by ICP-AES. 
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The mild steel dissolution was then repeated, doping the sample with 1000 mg dm-3 

Ag, Co, Ho and Nb solutions (0.2 cm3 of each). The sample was diluted to 100 cm3 

with distilled water and analysed by ICP-AES. The experiment was repeated. 

2.8.5 Separation of Nb from Co in mild steel 

A mild steel sample was doped with 1000 mg dm-3 Ag, Co, Ho and Nb solutions (0.5 

cm3 of each) and dissolved in 5 cm3 concentrated RN03• After dissolution 

concentrated HF (I cm3
) was added to the solution and diluted to 100 cm3 with 

distilled water. HF was added to promote the formation of the anionic fluoro Nb 

complex for separation. The solution was then passed through 25g of Amberlite IR-

120 cation exchange resin. A larger amount of resin was used compared with stainless 

steel samples in an attempt to avoid the small amount of Co shown to have passed 

through the resin. The sample was diluted to 500 cm3 with distilled water for ICP­

AES analysis. The experiment was performed on four samples. 

The Nb separation experiment was repeated twice more on mild steel samples with an 

increased HF concentration added. These were performed to investigate the affect on 

Ag retention because a small amount of Ag passed through cation exchange resin in 

the last four samples after the addition of I cm3 concentrated HF. Therefore 

concentrated HF (2 cm3
) was added to a dissolved mild steel sample before it was 

passed through 25 g of the cation exchange resin. Concentrated HF (3 cm3
) was added 

to another dissolved mild steel sample before it was passed through 25 g of cation 

exchange resin. Both samples were initially doped with 1000 cm3 Ag, Co, Ho and Nb 

(0.2 cm3 each) and diluted to lOO cm3 with distilled water before ICP-AES analysis. 

2.8.5.1 Use ofNaF for the separation of Nb from Co 

An experiment was then performed involving the use of NaF instead of HF for the 

separation of Nb from Co. Successful separation using NaF would lower the risks 

associated with handling HF (NaF is initially present as a solid and therefore handling 

is not as dangerous as handling HF liquid). Although HF will be used throughout the 

remaining steel method development, it would provide an alternative for Nb 

separation. 
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A mild steel sample was doped with 1000 mg dm·3 Ag, Co, Ho and Nb solutions (0.2 

cm3 of each) and dissolved as before in concentrated HN03 (5 cm\ After dissolution, 

I g of NaF was dissolved in 1 cm3 water and added to the sample. The sample was 

diluted to 100 cm3 and passed through 25 g cation exchange resin and analysed. The 

experiment was repeated and the solutions analysed by ICP-AES. 

2.8.6 Separation of Ag from Co in mild steel 

The separation of Ag and Nb from Co for mild steel samples in a single step was not 

achieved and the following experimental work focuses on separating Ag from Co. 

The use of the NaN02 eluant on a cation exchange resin was investigated for stainless 

steel samples but was not appropriate for the separation in mild steel because it was 

found to elute a mixture of Ag and Co nitrite complexes. The method was therefore 

not selective towards either Ag or Co. 

2.8.6.1 Separation using co-precipitation 

When a precipitate separates from a solution it is not always pure, it may contain 

varying amounts of impurities depending on the nature of the precipitate and the 

conditions of precipitation[122]. Surface adsorption is a common form of co­

precipitation and involves adsorption at the surface of the particles which are exposed 

to solution[122]. Ag has been determined by co-precipitation from water with a 

thionalide solution at various pH values[123]. This co-precipitation method was 

however not successful at separating Ag from Co and Fe because these elements were 

also removed from solution. A different Ag co-precipitation method was then 

investigated. 

Palladium is known to be reduced from Pd2+ to Pd metal and precipitated by the 

addition of ascorbic acid[124,125,126]. Ascorbic acid (C6H606) is commonly 

represented as H2A and is a common reducing agent for some platinum group metals. 

The redox reaction and potential ofH2A and Pd are shown in equations 11 and 12. 
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A + 211' + 2e ..... Hv\ +0.40 (potential, V) Equation 11[126] 

+0.55 (potential, V) Equation 12[126] 

From the redox reactions it is shown that Pd precipitates as a solid via its reduction. 

The precipitation and co-precipitation of trace elements such as Co and Fe in copper 

salt matrices and analysis by ICP has been investigated[127]. However a more 

appropriate separation method involving the co-precipitation of Ag by reduction and 

precipitation of Pd in high purity iron and steel has been achieved[127,128]. The 

method separates Ag from many other metals such as Co, Fe and Ni[129]. However 

increasing the components (elements present) of a solution requires a higher ascorbic 

acid concentration for the same yield ofPd[126]. This is because the ascorbic acid has 

a reducing affect on other elements present such as Fe. 

Equation 13[126] 

2 g of ascorbic acid were reported to be necessary for precipitation of3 mg Pd and 0.5 

g ascorbic acid necessary for quantitative recovery of 0.2 ~g Ag in a high purity iron 

sample containing 10 components[129]. 

The precipitation of Pd has been performed on highly radioactive waste 

samples[107,108] and would therefore be a suitable method of Ag separation 

assuming the applied method is successful. 

The following experimental procedure was performed on further mild steel samples. 

0.5 g of mild steel was doped with 1000 mg dm·3 Ag, Co, Ho and Nb solutions (0.2 

cm3 of each). Higher concentrations of the elements of interest than the concentration 

of Ag added in the original method[129] were added to the sample because the 

analysis was performed using ICP-AES rather than ET-AAS. The sample was 

dissolved in concentrated HN03 (5 cm3) and heated for 1 hour at 90'C. 1000 mg dm·3 

Pd solution (3 cm3) was added. Concentrated H2S04 (10 cm3) and concentrated 

H3P04 (10 cm3) were then added to solution and heated until the solution began to 
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turn to gas. This step was necessary because HN03 impedes the reduction of Pd by 

ascorbic acid. The orange solution was cooled to room temperature and diluted to 80 

cm3 with distilled water. Ascorbic acid (3 g) was then added to the flask and the 

solution turned black which then turned clear after 5 to 1 0 minutes. The solution was 

left to stand for 3 hours and the solution remained clear with no visible precipitate, 

therefore a further 3 g of ascorbic acid was added forming a black solution which 

remained black after standing for 30 minutes before turning clear again. There was no 

precipitate to re-dissolve therefore ICP-AES analysis was not performed in this 

experiment, the observations however are discussed in section 3.12.1, Chapter 3. 

To simplify the experiment and reduce the possibility of Pd oxidation by HN03, the 

experiment was performed with the addition of a lower concentration of Ag and lower 

concentration of acid. 

2.8.6.1.1 Steel doped with Ag and dissolved with lower HN03 concentration 

The precipitation ofPd was attempted again by repeating the experiment using a 0.5 g 

mild steel sample doped with 1000 mg dm3 Ag solution (0.1 cm\ 7 mol dm-3 HN03 

(10 cm3) and 6 mol dm-3 HCI were added instead of concentrated HN03 for 

dissolution. The lower concentration of HN03 was added to prevent HN03 oxidising 

Pd to Pd2
+. HCI was then required to achieve dissolution of the sample. Furthermore 

the flask was left standing with a stopper after the addition of ascorbic acid to prevent 

excess oxygen entering the flask. After the addition of ascorbic acid the solution was 

left to stand for 30 minutes. The solution turned colourless but was however filtered 

through a 1.0 J.1m pore polycarbonate filter paper. A small amount of white I brown 

precipitate was collected and dissolved in concentrated HN03 (5 cm\ diluted to 100 

cm3 with distilled water and analysed by ICP-AES. The results are discussed in 

section 3.12.6.1.1, Chapter 3. 

A higher concentration of ascorbic acid was then added to a repeat experiment to 

prevent the re-oxidation of Pd. 
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2.8.6.1.2 Addition of more ascorbic acid 

The last experiment was repeated using a 0.5 g mild steel sample with the addition of 

a further 3 g of ascorbic acid after the solution had turned clear to overcome the 

oxidation of Pd. The solution remained black and was then filtered through a 1.0 J.lID 

pore polycarbonate filter paper. The small amount of brown precipitate was dissolved 

in HN03 as in the last experiment. The ICP-AES analysis is discussed in section 

3.12.6.1.2, chapter 3. 

An experiment was performed to trace the behaviour ofPd because it was thought that 

Pd was not successfully precipitated in previous experiments. 

2.8.6.1.3 Determination of Pd 

The last experiment was repeated with the addition of 9 g of ascorbic acid. The black 

solution was filtered, diluted to 500 cm3 and analysed for Pd by ICP-AES. The filter 

paper was dissolved in 5 cm3 concentrated HN03, diluted with distilled water and 

analysed for Pd by ICP-AES. 

3, 6, 9 and 12 mg dm-3 Pd standard solutions were produced for calibration of the 

ICP-AES instrument because the maximum concentration of Pd in solution after 

dilution assuming that Pd was not precipitated was 6 mg dm-3
• 

2.8.6.2 Precipitation in mild steel samples 

Ag was separated from some of the initial concentration of Co added in stainless steel 

samples by the elution of a cation exchange resin with NaN02• However Ag remained 

in the presence of a large amount of Fe which may interfere with the detection of Ag 

in radioactive samples. Ideally a method that removes Fe as well as Co from Ag in 

steel samples was preferred. The investigation into the separation of Fe, Co and Ag in 

steel samples was performed on mild steel samples because of the simple dissolution 

method developed. It would have been far more problematic to develop a method 

such as this on the more difficult to dissolve steel samples. 
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It was reported that Fe was removed from stainless steel liquor containing a HN03 / 

HF medium by solvent extraction[130] and 60Co has been determined in steels and 

alloy steels by extraction of iron chloride with an organic solvent followed by 

precipitation of the potassium cobaltinitrite complex[131]. However organic solvent 

separations are not desirable as large scale radioisotope separation methods because 

of the large volume of organic waste produced. Furthermore a method that separates 

Fe and Co from Ag was preferred. The precipitation of Ag as AgzS using H2S is 

known and has a very low solubility in water (Ksp '" 10.50 mol dm·3)[132], however 

Co was also expected to precipitate with this reagent. The precipitation of Ag in the 

presence of Fe has been reported[133]. In this method EDTA was used to mask large 

concentrations of Fe, Ni, Cu, Zn, Co, Al and Pb most of which are present in steel 

samples. The drawback with this method was that the dissolution of the precipitate 

involved the use of the hazardous potassium cyanide reagent. It was therefore decided 

to concentrate the investigation on the precipitation of Fe from Ag rather than Ag 

from Fe so that Ag could easily be measured in solution by ICP analysis. 

Iron is known to precipitate from solution as a red / brown Fe(OH)3 compound[134]. 

In the previously mentioned extraction method (section 2.3.3) using TnOA, Fe was 

stripped from a column and determined by the precipitation of Fe(OH))[98]. 

Precipitation of Fe in solution with Ag, Co, Ho and Nb was therefore investigated. It 

is known that Fe precipitates between pH 2 and 3 but it was not certain how the 

analytes (Ag, Ho and Nb) would behave at varying pH values in a mixed component 

solution. There was concern about Co remaining in solution with this method once Fe 

was precipitated. Co, the other interfering isotope in radioactive samples would 

swamp the detection of Ag and Nb radioisotopes. There was also concern that the 

analytes would precipitate with Fe because it was reported that various metal 

radioisotopes were scavenged through iron hydroxide precipitation[135]. However the 

separation technique appeared promising from a prediction made by the speciation 

programme JCHESS[33]. The programme predicted that Ag would remain in solution 

after the precipitation of Fe. The following graph was the result of inputting the 

concentrations of elements in solution over a pH range of 2 to 14. The programme 

then calculated the species of analytes, Co and Fe expected to be present over this pH 

range using various data including stability constants. 
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The graph shows the concentration of each element in mol dm-3 plotted against pH. 

The programme predicted that Fe would precipitate between pH 2 and 3. Co was 

predicted to precipitate between pH 3 and 4, Ho between pH 6 and 8 leaving Ag in 

so lution up to pH II where Ag was finally predicted to precipi tate. The progranlme 

output was therefore promising for tJle separation of Ho and more importantly Ag 

from Fe and Co. The predicted behaviour of Nb was not available because the 

stabi lity constants for th is analyte were not present in the programme database. 

2.8.6.2.1 Precipitation of Fe using NaOH 

A mild stee l sanlple (0.5 g) was doped with 1000 mg dm-3 of Ag, Co, Ho and Nb 

so lutions (0.2 cm3 of each) and di ssolved in concentrated HN03 (5 CI11 \ After 

dissolution the sample was diluted to 50 cm3 with distilled water. NaOH solution ( I 

11101 dn,-3) was added and the solution stirred until pH 2 was achieved (0 .1 mol dm-3 

NaOH solution was added to fine tune the pH). The volume of NaOH added was 

recorded and the expected concentration of the analytes was calculated using thi s 

value. The solution was fi ltered t1lrough a 0.1 fll11 pore fi lter paper. The procedure was 
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perfonned on a further ten mild steel samples adjusting the pH of each sample so that 

a range of results between pH 2 and 12 were obtained. The high pH solutions were 

acidified after filtration for ICP-AES analysis (1.5 cm3 HN03 added). 

The set of experiments over the pH range 2 to 12 were repeated and analysed by ICP­

AES. 

The analytes were found to behave differently to the predicted analyte behaviour and 

the theory of co-precipitation of the analytes with Fe was confinned by repeating the 

set of experiments without any steel present. Therefore the same dissolution and 

separation method was applied to solutions containing the same initial concentrations 

of analytes and the solutions analysed by ICP-AES. 

Ammonia solution was then used to precipitate Fe and to avoid co-precipitation of Ag 

with Fe. 

2.8.6.2.2 Precipitation of Fe using NH40H solution 

Ag fonns an ammine complex which is very soluble[47]. Ammonia solution was 

therefore considered for the precipitation of Fe and separation of Ag from Fe and Co. 

The JCHESS speciation programme[33] was run a second time with 1 mol dm'3 

NH40H inputted with the analytes and interferences (Ag, Ho, Nb, Co and Fe). The 

output graph produced was the same as the one shown in figure 12, section 2.8.6.2. 

However the accompanying analysis data provided additional infonnation about the 

behaviour of Ag over the pH range. At between pH 5 and 7, Ag+ was predicted to 

begin precipitating. However the Ag dianunine complex [Ag(NH3ht also began to 

fonn between pH 5 and 7 preventing the precipitation of Ag. The speciation 

prediction was promising because of the high solubility of the strong Ag dianunine 

complex formation. 

A set of experiments were performed in the same way as the NaOH precipitation 

experiments in section 2.8.6.2.1 using the same concentrations of analytes and 

adjusting the pH of solution with 1 mol dm-3 N~OH over a range of pH 2 to pH 10 

(fine tuning of pH was performed using 0.1 mol dm,3 NH40H). The solutions were 
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analysed by ICP-AES analysis. The set of experiments that involved using NH40H 

were repeated. 

Following the successful methods of separating Nb and Ag from mild steel samples, 

the dissolution of inactive steel containing boron similar to that used in the control 

rods of nuclear reactors was investigated. 

2.8.7 Dissolution of boron containing steel 

A boron containing steel sample (0.5 g) was added to a 250 cm3 polypropylene 

conical flask. Concentrated HN03 (5 cm3) and concentrated HF (I cm3) were added to 

the sample and heated to 90°C. The sample was more difficult to dissolve than mild 

steel. The sample fully dissolved after I hour of heating and was therefore not as 

difficult to dissolve as stainless steel. The sample was diluted to 100 cm3 with 

distilled water for ICP-AES analysis. 

The experiment was then performed a further two times after doping the steel with 

1000 mg dm·3 of Ag, Co, Ho and Nb solutions (0.2 cm3 of each) and analysed by ICP­

AES. 

2.8.8 Separation of Nb from Co in boron containing steel 

The two doped sample experiments were repeated and passed through separate 

columns of cation exchange resin (25 g). The solutions were analysed by ICP-AES. It 

was expected that the HF added would promote the formation of anionic Nb fluoro 

complexes which would pass through the resin similar to results obtained for stainless 

and mild steel samples. 

The successful Ag separation method for mild steel samples was then performed on 

boron containing steel samples. 
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2.8.9 Separation of Ag from Co in boron containing steel 

A further two doped samples were dissolved. The solutions were diluted to 50 cml 

with distilled water, adjusted to pH 9 with 1 mol dm'l NH40H and filtered through a 

0.1 ~m pore filter paper. The samples were acidified with 1.5 cml concentrated HNOl 

before rCP-AES analysis. 

The fourth commonly found type of steel in Decommissioning Waste was then 

investigated using the successful dissolution, Nb separation and Ag separation 

methods applied to inactive samples. 

2.8.10 Dissolution of low alloy steel 

A sample of low alloy steel (0.5 g) was added to a 250 cml polypropylene conical 

flask. Concentrated HNOl (5 cml) and concentrated HF (1 cml) were added to the 

sample and heated at 90°C. The sample fully dissolved after 1 hour of heating. The 

sample was diluted to 100 cml with distilled water for rCP-AES analysis. The 

experiment was repeated and the solutions were analysed by rCP-AES. 

The experiment was then performed a further two times after doping of the steel with 

1000 mg dm'l of Ag, Co, Ho and Nb solutions (0.2 cml of each). The solutions were 

analysed by ICP-AES. 

2.8.11 Separation of Nb from Co in low alloy steel 

The two doped sample experiments were repeated and passed through separate 

columns of cation exchange resin (25 g). The solutions were then analysed by rcp­

AES. 

64 



2.8.12 Separation of Ag from Co in low alloy steel 

A further two doped samples were dissolved. The solutions were diluted to 50 cm3 

with distilled water, adjusted to pH 9 with I mol dm-3 NH40H and filtered through 

0.1 f.lm pore filter paper. The samples were acidified with 1.5 cm3 concentrated HN03 

before ICP-AES analysis. 

It was necessary to create an overall method of analysis for the steel samples through 

the combination of the individual dissolution and separation methods. This was 

performed on mild steel samples because of the simplicity of dissolution for these 

samples and because radioactive mild steel samples were available for analysis once 

an overall method was successful. 

2.8.13 Combination of successful dissolution and separation methods for mild 

steel samples 

An experiment was performed that involved the separation of Ag and Nb in 

successive steps after the dissolution of a mild steel sample_ A summary of the overall 

process and the detailed experimental method are shown below. 
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Figure 13 Combined method for mild steel 

Dissolution: 

Mild steel (0.5 g) was added to a 250 cm3 conical fl ask and doped with 1000 mg dm-) 

of Ag, Co, Ho and Nb solutions (0.2 cm3 of each). Concentrated HN03 was then 

added to the sample (5 cm3) and heated for I hour at 90°C. A fter di ssolution the 

sample was pi petted into a small plastic vial and the vo lume pi petted was recorded. 

Distilled water was then added to the fl ask, swirled and pi petted to the same plastic 

vial until a total of 15 cm) of so lution was in the vial. This was to ensure the transfer 

of a ll the di ssolved steel sample from the flask to the vial. 

Nb separation: 

5 cm3 of solution from the vial was then pi petted into a 100 cm3 volumetric fl ask with 

concentTated HP ( I cm3) and diluted to 100 cm3 with di still ed water. This was then 

passed through 25 g of pre-washed Amberlite IR-1 20 cation exchange res in (washed 

with 100 cm3 di stilled water) and stored for rCP-AES analysis. 
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Ag separation: 

Another 5 cm3 sample solution was pipetted from the vial and adjusted to pH 9 with I 

mol dm-3 ammonia solution in a beaker with a stirrer. The brown precipitate was then 

filtered through a 0.1 /lm pore filter paper. The filtrate was diluted to 100 cm3 with 

distilled water. 20 cm3 of the diluted filtrate was then transferred to another plastic 

vial, concentrated acid (1.5 cm3
) was added to acidify the sample for ICP-AES 

analysis. 

The final 5 cm3 sample solution was diluted to 100 cm3 with distilled water and 

analysed by ICP-AES for conformation of successful transfer of the analytes from the 

steel sample to solution. The experiment was repeated and the solutions analysed by 

ICP-AES. 

2.8.14 Radioactive mild steel analysis 

The successful dissolution and separation method combination detailed in the 

previous section was applied to six radioactive mild steel samples of mass 0.34 g to 

0.95 g provided by Berkeley Centre. The samples were taken from pressurised heat 

exchanger vaults of a typical magnox reactor. The step by step procedure used is also 

shown in the Work Instruction (MSTLU003, Appendix A) produced for BNFL for the 

analysis of radioactive samples. The initial 60CO, 55Fe and 6~i activity was estimated 

in the six solid steel samples prior to the experimental procedure. Two of the samples 

had relatively large masses (0.79 g and 0.95 g) and therefore did not fully dissolve 

when the dissolution method was applied to them. An additional Icm3 concentrated 

HF was then added to these steel samples and further heating was applied until 

dissolution was complete (between 3 and 5 hours heating at 90°C). This additional 

step for these two samples provided a third of the amount of HF required for the Nb 

separation stage and therefore only 0.75 cm3 concentrated HF was added before the 

first 5 cm3 of sample solution was passed through the cation exchange resin. 
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2.8.14.1 ICP-AES analysis 

The inactive tracer elements Ag, Co, Ho and Nb were measured in solution at the 

three stages (dissolution, Nb separation and Ag separation) for each of the six 

radioactive samples after they were measured by gamma spectrometry analysis. The 

ICP-AES calibration was performed using Ag, Co, Ho and Nb standard solutions 

produced from 1000 mg dm-3 stock solutions. 2000 mg dm-3 Fe was added to the 

standard solutions for the analysis of sample solutions where Fe was present (after the 

dissolution and Nb separation stages of the method). 

The wavelengths used for detection were 328.0 nm for Ag, 228.6 nm for Co, 345.6 

nm for Ho and 309.4 nm for Nb. 

2.8.14.2 Gamma spectrometry analysis 

The cation exchange resin and filter paper from the two separation stages of each steel 

sample were transferred to top-pots and each solution was transferred to 100 cm3 

beakers for gamma spectrometry analysis_ The counting time varied between 5000 to 

20000 seconds. The counting efficiency was calculated similarly to the previous tacky 

swab and filter paper samples using equation 10, section 2_7.4. The resins were 

measured as slurries and the counting geometry was accounted for by measuring the 

slurries as 'filter' geometries with the resin beads evenly spread out across the bottom 

of the pots. 
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Chapter 3 

Results and Discussion 
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3.0 Results and discussion 

3.1 Dissolution method development for tacky swab I filter paper samples 

Table 8 shows the rcp results for the dissolution of two tacky swab samples doped 

with inactive Ag, Co, Ho and Nb using HN03 / HCl in a dissolution method provided 

by Berkeley Centre[l7]. 

Table 8 Analysis oftacky swab dissolution samples 

ICP-MS ICP-AES 

Conc. (mg dm-=» % Recovery Conc. (mg dm-3
) % Recovery 

Ag 0.15 15 Ag 0.23 23 

Co 0.77 77 Co 1.04 100 

Ho 0.39 39 Ho 0_58 58 

Nb 0.71 71 Nb 0.49 49 

The maximum concentration of analytes in solution assuming that the analytes were 

completely transferred from the swab samples to solution was 1 mg dm-3
• The first 

dissolution sample was measured by rCP-MS and shows similar recoveries to the 

second dissolution sample that was measured by rCP-AES. Both samples show a 

significant loss of Ag, Ho and Nb. The loss of these analytes was thought to be 

because of precipitation of chloride complexes formed from the use of HCl in the 

dissolution procedure. Co was not observed to precipitate and a good recovery was 

shown by both instruments. ICP-AES was chosen for analysis throughout the method 

development because the availability of the ICP-MS instrument at Loughborough 

University was limited. 

The following section shows results of the dissolution procedure performed without 

the addition ofHCl to avoid precipitation of the analytes. 
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3.1 .1 Dissolution using fuming HN03 

Figure 14 summarises the percentage recoveries of Ag, Co, 1-1 0 and Nb calculated 

fro m ICP-AES results when the di ssolution was performed with fum ing HNO) instead 

of concentrated HNO) and concentrated HC!. 

Figure 14 Dissolution using fuming HNO) 
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The maxImum concentration from ICP-AES results of each analyte in so lution 

assuming that the analytes were completely tTansferred fTOm the swab samples to 

solution was I mg dm'J This concentration was equivalent to 100% recovery shown 

in figure 14. The results show that > 80% recovery of each analyte was achjeved . The 

use of fumi ng HNO) resuJted in the successful transfer of the analytes to so lution 

confirming that the use of HCI in the di ssolution procedure was the cause for the loss 

of analytes. 

The ICP-AES results of a dissolution usmg a lower volume of fuming HNO) to 

investigate the effect of reduced acid concentration on ana lyte recoveries are shown in 

tab le 9. 
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Table 9 Dissolution with 15 cm3 fuming HN03 

I Cone. (mg dm')) I 
Ag Co Ho Nb 

1.17 0.94 0.93 0.88 

The maximum concentration of each element in solution assuming the complete 

transfer of these elements from the swab sample to solution was I mg dm-3
• The 

results show that IS cm3 fuming HN03 was sufficient to dissolve the swab sample and 

transfer the analytes to solution. IS cm3 will therefore be used for future dissolutions 

and the use of unnecessarily high concentrations of fuming HN03 was avoided. 

The use of 0.1 IlIll instead of 0.45 Ilm pore filter paper for filtration did not affect the 

recoveries and were therefore also used in future dissolution experiments. 

3.1.2 Nb stabilisation in ICP standard solutions 

Table 10 shows the comparison of a freshly produced control solution with the 

previously used Nb standard solution. Both of these solutions were diluted from the 

original 1000 mg dm-3 Nb stock solution to concentrations of 1 mg dm·3• 

Table 10 ICP-MS analysis of Nb standard solution 

Sample Counts per second 

Nb control solution 1.2 X 107 

Nb standard 4.7 x 106 

These results show that the Nb standard solution was approximately three times less 

concentrated than expected indicating a loss of Nb from solution. The loss was 

thought to be precipitation of Nb from solution over time because the standards had 

not been used for several days. The precipitation theory was confirmed by the 

observation of a cloudy precipitate at the bottom of the standard solution flask. Nb 

therefore requires trace HF to remain in solution as the Nb fluoro complex. The trace 

HF from the original stock solution was diluted in the process of producing the 
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standard solutions and was therefore not a sufficient concentration to prevent Nb 

precipitating over time. 

Table 11 shows the ICP-AES results of five solutions containing varying 

concentrations ofHN03 for the investigation into the effect ofHN03 concentration on 

the stabilisation of solutions containing Nb. 

Table 11 Stabilisation of Nb solutions with HN03 

HN03 acid content (v/v) Nb (mg dm-') 

1% 4.16 

2% 3.97 

3% 4.12 

4% 4.04 

5% 3.87 

The maximum concentration of Nb in each solution assuming that Nb remained 

soluble was 4 mg dm·3. Niobium was shown to be stable for 24 hours in solutions 

with a HN03 content between 1 and 5%. Therefore an acid content between 1 and 5% 

HN03 was suitable for Nb standard solutions that were freshly produced for the 

analysis of a set of samples. It was realised that HN03 had no affect on the 

stabilisation of Nb and that Nb remained in solution up to several days because of a 

trace amount of HF from the dilution of the stock solution. This was confirmed by 

reports that no soluble Nb nitrates are available for analytical work[44]. After several 

days, Nb undergoes hydrolytic decomposition[44]. Such balanced reactions which do 

not readily proceed to completion, give rise to colloidal suspensions of hydrated 

oxides[44] explaining the cloudiness of Nb solutions containing no HF. This 

phenomena is related to the 'use by' date on the Nb stock solution and Nb becomes 

less stable in solution over time. Additional HF would be required to prevent the 

precipitation of Nb in the standard solutions if they were not freshly prepared prior to 

analysis. 
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The conclusions of Nb stabil isation from this section of the report were taken into 

consideration when measuring future samples against [CP standard solutions. 

The fo llowing ection shows the resu.lts of further dissolutions invo lving the addition 

of higher concentrati ons of Ag. Co, Ho and Nb. 

3.1.3 Recoveries of analytes at higher concentrations 

Figure 15 shows percentage recoveries of Ag, Co, Ho and Nb calculated from ICP­

AES results for swab samples that were doped with higher concentrations of the 

elements of interest. 

Figure 15 Recoveries of analytes at higher concentration of 4 mg dm'J 

The maxImum concentration from ICP-AES results of each analyte in solution 

assuming that the analytes were completely transferred from the swab samples to 

solution was 4 mg dm'] Therefore 100% recovery shown in fi gure 15 was equi va lent 

to 4 mg dm'3 The results show that an average of88% Co, 89% Ho and 67% Nb were 

detected. Onl y 25% Ag was detected however the average concentration of Ag 

measured was 0.8 mg dm') which was similar to the concentrations measured in 

previous experiments where samples were doped with lower concentrations of Ag. 

This result indicates that 0.8 mg dm') was the max imum soluble amount of Ag. 

74 



Figure 16 shows percentage recoveries of the elements of interest calculated from 

ICP-AES results for five swab samples that were doped with higher concentrations of 

Ag, Co, 1-10 and Nb and three swab samples that were doped with higher 

concentrations of Ag, Co and 1-10. 

Figure 16 Recovery of analytes at higher concentrations of 8 mg dm-J 
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The maximum concentration from lC]>-AES results of each ana lyte in solution 

a sUl11ing that the analytes were completely transferred from the swab samples to 

solution was 8 mg dm-3 Therefore 100% recovery shown in figure 16 was equivaJent 

to 8 l11g dm-3 The results show good recoveries for Co and Ho and an average of 59% 

Nb in the samples where Nb was added. 

An average concentration of 0.8 l11g dm-3 Ag was again detected and the same results 

were observed in the three experiments without the addition of Nb. This suggests that 

the low recovery of Ag was not related to the increased HF content of solution, which 

occurs because of the higher concentration of Nb stock solution added. The theory 

was supported by the relatively high solubility product of AgF shown in equation 2, 

section 2.2.7, chapter 2. 

Generall y the dissolution of doped swab samples producing solutions containing 

higher concentrations than 1 mg dm-3 of the elements of interest were not successful 

for the recovery or 100% Ag. It was thought that a possibility for thi s observation was 
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that cr may be present in the tacky swab material or from contaminated glass wear 

causing the formation of AgC!. The maximum soluble amount of Ag in the 

dissolution samples was calculated to be approximately 0.8 mg dm-3 using the 

solubility product shown in equation 1, section 2.2.7, chapter 2. This explains why no 

more than 0.8 mg dm-3 of Ag was being detected in any of the dissolution samples. 

The concentration of Nb in the swab samples decreases slightly with increased initial 

Nb concentration suggesting that Nb was becoming less stable in solution at higher 

concentrations. 

3.1.4 Filter washing 

The ICP-AES results of another dissolution resulting in a solution containing 

expected concentrations of 1 mg dm-3 Ag, Co, Ho and Nb is shown in table 12. The 

table also shows ICP-AES results of the acid I water solution used to wash the filter of 

this experiment. 

Table 12 Filter washed with HN03 I H20 

Ag(mgdmj Co (mgdm") Ho (mg dm-') Nb (mgdm-') 

Dissolution 0.81 1.06 1.04 0.93 

filtrate 

HN03 /H2O 0.02 0.00 0.00 0.00 

washing 

The maximum concentration of each element in the filtrate assuming the complete 

transfer of each element from the swab sample to solution was 1 mg dm-3
• The 

dissolution filtrate shows similar results to those obtained in previous experiments and 

the successful transfer of the elements of interest to solution. However it was not 

certain whether or not the 20 to 30% of initial concentration of Ag that was not 

detected after dissolution precipitated as AgC!. At these relatively low concentrations 

it was believed that the slightly lower than expected concentrations of Ag may be due 

to experimental error. The results of the filter washing analysis strengthen this theory 

because no significant amount of Ag was detected. HN03 may not have been 
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appropriate for re-dissolving AgCl and therefore table 13 shows the ICP-AES results 

of another dissolution sample filter washed with ammonia solution. 

Table 13 Filter washed with ammonia solution 

Ag (mg dm-",) Co (mgdm") Ho (mg dm-",) Nb (mgdm-') 

Dissolution 0.70 1.07 1.09 0.87 

filtrate 

NH.OH 0.06 0.00 0.00 0.05 

washing 

The maximum concentration of each element in the filtrate assuming the complete 

transfer of each element from the swab sample to solution was 1 mg dm-3
• AgCl is 

very soluble in ammonia solution[ 47] therefore these results suggest that AgCl was 

not present on the filter and that all of the Ag was transferred to solution. The slightly 

lower than expected concentration of Ag detected in the dissolution sample was 

believed to be experimental error. 

Ag recovery for samples doped with higher concentrations of Ag was not investigated 

because the last set of experiments confirm that the transfer of Ag to solution was 

successful for solutions containing a final expected concentration of 1 mg dm-3 which 

is sufficient for the analysis of radioactive samples using Ag tracers. 

Filter paper samples were found to dissolve more easily than tacky swab samples and 

the dissolution process was therefore also suitable for filter paper samples. 
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3.2 Separation of Co by complexation 

Following the successful method of dissolution, the separation of Co from Ag, Ho and 

Nb was investigated using Co specific complexing reagents. 

3.2.1 Co complexation with I-nitroso-2-naphthol 

The observations of experiments performed usmg l-nitroso-2-naphthol as a 

complexing reagent for Co are discussed. The experiment was performed four times, 

however ICP-AES results showed no recovery of the analytes. Therefore the 

complexing reagent was successful at oxidising C02
+ to C03

+ as expected. This was 

because I-nitroso-naphthol is an octahedral complexing agent, however it was not 

selective at separating Co from the other analytes. 

The following section shows results of a different Co specific reagent for the 

attempted separation of Co from Ag, Ho and Nb in one step. 

3.2.2 Diphenyl sulfimide ligand 

Table 14 shows ICP-AES results for the filtrates of two solutions initially containing 

Co. 

Table 14 Co reaction with diphenyl sulfimide ligand 

Amount of ligand (g) Co in filtrate (mg dm") 

O.ot 2.19 

0.05 0.02 

The maximum concentration of Co in solution after filtration and dilution assuming 

that Co did not complex with the ligand was 4 mg dm-3
• The results show that when 

0.01 g of diphenyl sulfimide ligand was added to a solution containing Co, 45% of the 

initial concentration of Co complexed with the ligand and was therefore filtered from 

solution. When the amount of ligand added was increased to 0.05 g, 100% Co 
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complexed with the ligand. The results therefore show that approximately 0.025 g of 

diphenyl sulfimide ligand was required to completely remove Co from solution. The 

Co complex that formed in the experiments was octahedral and required six Iigands to 

complex with each Co cation[59]. 

The ICP-AES results for the filtrates of repeat experiments using 0.025 g of the ligand 

with the inclusion of the analytes Ag and Ho in solution are shown in table 15. 

Table 15 0.025 g diphenyl sulfimide ligand added to a solution of Co, Ag and 

Ho 

Experiment Ag(mgdm-J) Co (mgdm-J) Ho (mg dm-,) 

1 3.43 3.30 3.28 

2 2.95 2.81 2.80 

3 2.86 2.89 2.66 

The maximum concentration of Ag, Co and Ho in solution after filtration and dilution 

assuming that these elements did not complex with the ligand was 4 mg dm-3
• The 

results show that an average of 25% of the initial concentration of each element 

reacted with the ligand and therefore the ligand was not selective towards Co in the 

presence of Ag and Ho. The ligand partially dissolved when the stock solutions of Ag, 

Co and Ho were added. This was explained by the fact that the ligand was soluble in 

HN03 which was present in the Ag, Co and Ho stock solutions. 

Table 16 shows the ICP-AES results of a filtrate for an experiment which used lower 

volumes of analyte stock solutions to decrease the concentration of HN03 preventing 

ligand dissolution. 
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Table 16 0.05 g diphenyl sulfimide ligand added to lower concentrations of 

Co,Ag and Ho 

Ag Co Ho 

Filtrate (mg dm-3
) 1.46 

The maximum concentration of Ag, Co and Ho in solution after filtration and dilution 

assuming that these elements did not complex with the ligand was 2 mg dm-3
• The 

results show that 50% Co, 100% Ho and 25% Ag were removed from solution. These 

results therefore confirm that the ligand was not selective for the removal of Co from 

solution. It was also shown that because an excess amount of the ligand was added, 

Ho was preferred to react with the ligand shown by 100% removal of Ho. The similar 

behaviour of the ligand towards Ho and Co can be explained by their ionic charges_ 

The ligand was known to have a strong tendency towards Co because of the oxidation 

of Co2+ to Co3+. Therefore it was not surprising that the ligand was found to also have 

a strong tendency towards Ho. This together with the knowledge that the inorganic 

ligand dissolves in HN03 made the method unsuitable for the separation of Co in 

dissolution samples. 

The following section shows results of the investigation into another Co complexation 

experiment involving the precipitation of a cobaltinitrite complex. 

3.2.3 Co precipitation as cobalt nitrite 

The ICP-AES results of a filtrate after the attempted precipitation of a cobaltinitrite 

complex are shown in table 17. 

Table 17 Co precipitation as cobalt nitrite 

Ag Co Ho Nb 

0.13 OfF 0.07 0.38 
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The maximum concentration of Ag, Ho and Nb in solution after filtration assuming 

that these elements did not complex with the ligand was 0.5 mg dm-3. 0 I F is an 

abbreviation for over-flow and was recorded because the amount of Co detected was 

above the highest detection limit of the detector. This was because of the excess 

amount of Co added as the Co reagent. All the Co was expected to precipitate as the 

complex CS3[CO(N02)6][49j. However the loss of Ho and Nb from solution indicate 

that these analytes competed with Co for the reaction with NaN02. This explains the 

result that some of the Co reagent remained in solution causing the final concentration 

of Co to be detected above the detection limits of the spectrometer. A loss of Ag from 

solution was also observed, this was believed the result of AgCI precipitation from the 

caesium chloride reagent added. This could have been avoided with the use of a 

caesium nitrate reagent. The experiment was not however repeated using this reagent 

because the method was similar to the other three Co complexation methods 

investigated and was not selective towards Co in the presence of Ho. 

The following results show the analysis of various eluants used to elute and separate 

Co from Ag, Ho and Nb on a cation exchange resin. 

3.3 Cation exchange resin with EDTA and HCI eluants 

The following discussion is a comparison of observations from experiments involving 

samples containing Co in EDTA solution that were passed through a cation exchange 

resin and, the elution of Co pre-adsorbed to a cation exchange resin. 

A pink solution was observed in the flfSt experiment when the resin containing pre­

adsorbed Co was eluted with 0.01 mol dm-3 EDTA solution. A colourless solution 

was observed when the resin was eluted with 5 mol dm-3 HC!. These observations 

indicate that Co was eluted from the resin with the EDT A solution and the strong pink 

colour suggests that Co was present in solution. The reaction taking place was thought 

to be first the oxidation of C02
+ to C03

+ followed by the reaction shown in equation 

14. 
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Equation 14[71] 

The colourless 5 mol dm-3 HCI solution indicates that all or most of the initial amount 

of Co was eluted in the previous EDTA eluate. This experiment strengthens the theory 

that Co3+ forms a complex with EDTA from the calculation using metal-EDTA 

formation constants (section 2.4.1.1, Chapter 2). 

In contrast, a colourless solution was observed in the second experiment after the Co 

in EDT A solution had passed through the resin suggesting that the protons on the 

resin reacted with the [Co(EDTA)r complex as it passed through the resin displacing 

Co and aIIowing Co to adsorb to the resin. The foIIowing 5 mol dm-3 HCl eluate was a 

pale pink colour and the solution was also eluted pink after the addition of a further 5 

mol dm-3 HCl solution. This observation indicates that 5 mol dm-3 was not a high 

enough concentration ofHCl to elute the total concentration of Co. 

The difference in the two experiments was explained by the charge on the Co ion. 

When Co was pre-adsorbed to the resin, it was in the form of Co2
+ and was easily 

removed from the resin with a Iow concentration EDTA solution via oxidation and the 

reaction shown in equation 14. However when Co adsorbed to the resin from EDTA 

solution it was in the form of Co3
+. It was more difficult to remove Co3+ from the 

resin than it would have been to remove Co2
+ from the resin because higher charged 

cations are generaIIy adsorbed more strongly. This explains why further HCl solution 

was not eluting all of the Co. 

The following section shows results for an experiment that involved a lower initial 

concentration of Co and the elution of the cation exchange resin with HCl in an 

attempt to elute Co. 
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3.3.1 Reduced Co concentration 

Table 18 shows ICP-AES results of separate solutions containing Co, Ag, Ho and Nb 

in EDT A solution after they were passed through cation exchange resin. 

Table 18 

Eluate 

. EDTA I H20 

HCl 

Lower Co concentration and comparison with Ag, Ho and Nb 

solutions 

Co (mg dm") Ag(mgdm") Ho (mg dm''') Nb (mgdm") 

0.00 0.00 0.00 0.84 

0.00 0.00 0.00 0.00 

The maximum concentration of each element in the H20 eluate assuming there was 

no adsorption of the elements was 1 mg dm·3• The results show that Nb passed 

straight through the resin and suggests that EDT A did not complex with Nb allowing 

Nb to remain in solution as an anionic fluoro complex. Co, Ag and Ho were not 

detected in the EDTA I H20 eluate and were therefore adsorbed to the resin. The 

maximum concentration of each element in the HCl eluate assuming that they were 

fully eluted from the resin was 0.05 mg dm·3• This relatively low concentration was 

because of the dilution of the acid solutions for ICP-AES analysis. The results show 

that no trace of Co, Ag and Ho were detected in the HCl eluate. 

The ICP-AES results for a repeat experiment involving a solution containing a 

mixture of Ag, Co, Ho and Nb in EDTA solution after it was passed through cation 

exchange resin are shown in table 19. 
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Table 19 

Eluate 

H2O 

Ag, Co, Ho and Nb solution mixture in EDT A passed through 

cation exchange resin 

Sample Ag(mg Co(mg Ho(mg Nb(mg 

dm-l ) dm-l ) dm-l ) dm-l ) 

I 0.00 0.00 0.00 0.85 

2 0.00 0.00 0.00 0.78 

5 mol dm-:j HCI I 0.00 0.00 0.00 0.00 

2 0.00 0.00 0.00 0.00 

The maximum concentration of each element assuming that they were completely 

eluted from the resin was I mg dm·l for the H20 eluate and 0.05 mg dm-3 for the HCl 

eluate. The results were similar to previous results. Nb was shown to pass through the 

resin with water and was therefore separated from Co in the H20 eluate. The elution 

of Co at the concentration added using HCl was not possible because the use of a 

higher concentration of HCI to remove the Co from the resin would require dilution to 

an extent whereby Co would be below the lower detection limit of the ICP-AES 

instrument. 

The following section shows results for experiments involving an increased EDTA 

concentration and pH to elute low concentrations of Co pre-Ioaded onto a cation 

exchange resin. 
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3.3.2 Elution with higher concentration EDTA solution at pH 8 

The ICP-AES results of the eluates for two separate experiments after being passed 

through cation resin pre-loaded with Ag, Co and Ho are shown in table 20. 

Table 20 Elution of cation exchange resin with 0.1 mol dmol disodium EDTA 

atpH8 

Experiment Ag(mgdm-') Co (mgdm-') Ho (mg dm-') 

1 1.14 1.56 1.49 

2 1.42 1.37 1.14 

The maximum concentration of Ag, Co and Ho assuming that these elements were 

completely eluted from the resin was 2 mg dm-3
. The results for the EDTA elution 

show partial elution of each element. It was believed that the high pH provided more 

available sites on the EDTA molecules for reaction with the elements of interest and 

therefore proved non-selective for Co at this high pH. 

The similar behaviour of Ho and Co towards EDTA was explained by the fact that 

they both complex as trivalent ions and the same behaviour as with previous 

complexation experiments was observed. Ho is a lanthanide element and complexes 

with EDTA to form hydrated complexes such as Ln(EDTA)(H20>x[136] which 

explains the same observed behaviour of Ho and Co. 

The following experiments do not involve eluants that form octahedral complexes 

with transition metals to avoid the problem of Co and Ho behaving similarly by the 

oxidation of Co2+ to C03+. 
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3.4 Attempted sequential elution of cation resin with NH40H 

Table 21 shows ICP-AES results of an ammonia solution eluate after it was passed 

through a cation exchange resin pre-loaded with Ag, Co and Ho. 

Table 21 Ammonium hydroxide elution 

NH40H solution Ag(mgdm-') Co (mgdm-') Ho (mgdm-, 

(mol dm-3) 

0.1 0.00 0.00 0.00 

0.5 0.00 0.00 0.00 

I 0.00 0.00 0.00 

2 0.00 0.00 0.00 

3 0.03 0.00 0.00 

4 0.00 0.00 0.00 

5 0.00 0.00 0.00 

The maximum concentration of Ag, Co and Ho in solution after dilution of the eluates 

assuming that these elements were eluted was 2 mg dm-3
• The results show that up to 

5 mol dm-3 ammonia solution was not successful at eluting Ag, Co or Ho from the 

cation exchange resin. Therefore the results suggest that ammine complexes were not 

formed with the adsorbed cations and a contribution to this affect could be that the 

OH- ion possessed a low selectivity coefficient (shown in figure 9, section 2.4.2.1, 

chapter 2) and the cations remained strongly adsorbed to the resin. 

The following section shows the results of an eluant containing an anion displaying 

higher selectivity properties in the elutropic series (shown in figure 9, section 2.4.2.1, 

chapter 2). 
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3.5 Attempted sequcntial clution of cation resin with UNOJ 

The average percentage recoveri es of Ag, Co, Ho and Nb calculated from IC P·AES 

results for three experiments perfo rmed using HNOJ eluant concentrations of 0. 1, 0.2, 

0.5 and I mol dm·J are shown in fi gure 17. 

Figure 17 HNOJ elution of cation exchange resin 
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The results show that Nb was no t adsorbed to the resin because of the formation of a 

niobium fluoro complex as expected. Ag was partially eluted at low concentrations o f 

HN03. This was explained by the knowledge that Ag possesses the lowest charge of 

the four elements of interest and was eluted as AgN0 3. However no more than 65% o f 

Ag initially added was recovered at these low concentrations of HN 0 3 and only a 

partial separation of Ag from Co was achieved. Cobalt was gradually eluted as 

CO(N03)2 over the range of HN03 concentrations because it was more strongly bound 

as the C02+ cation. Co was expected to be eluted with a I mol dm·J HNO] because it 

had been reported to have been eluted from a Amberli te XAD· 16 cation excbange 

resin with 1 mol dm-3 HN0 3 in acetone eluant[137]. The most strongly bowld cation 

of the analytes was H03+ and therefore only began to be eluted between 0.5 and I mol 

dm-3 HN03. To summarise these experiments, the only separation observed was > 

90% Nb and between 40 and 50% Ag from Co using 0.1 mol dro-3 HN03 because the 

elution bands of the analytes overl apped. Further experiments determined that Co and 

Ho were fully eluted at concentrations of HN0 3 higher than 5 mol dm-] 
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The investigated methods of separating Co from Ag, Ho and Nb in one separation 

step were unsuccessful and only Nb was successfully separated from Co using cation 

exchange resin. The following results show Ag separation from Co by precipitation 

methods. 

3.6 Ag precipitation using NaCI 

The ICP-AES results of filtrates for two experiments involving the addition of 0.1 mol 

dm·3 NaCI and precipitation of AgCI are shown in table 22. 

Table 22 Ag precipitation with 0.1 mol dm.J NaCI solution 

Experiment Ag(mgdm'J) Co (mgdm") Ho (mgdm"!) 

1 0.37 2.02 1.95 

2 0.44 2.03 1.98 

The maximum concentration of each element in the filtrates assuming that each 

element remained soluble was 2 mg dm·3• The results show that 100% Co, 100% Ho 

and 20% Ag were detected in solution after filtration. Therefore 80% of the initial 

concentration of Ag precipitated. 

The ICP-AES results of a repeat experiment using a higher concentration NaCI 

solution of 0.2 mol dm·3 are shown in table 23. 

Table 23 Ag precipitation with 0.2 mol dm,J NaCI solution 

Ag Co Ho Nb 

Conc. (mg dm·3
) 0.20 1.00 0.91 0.90 

The maximum concentration of each element in the filtrate assuming that each 

element remained soluble was I mg dm·3• The analyte, Nb was included in this 

experiment and was also shown to remain in solution with Co and Ho. Similar results 

to the previous experiment were observed. 
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The folIowing results determine the nature of the Ag species that was observed not to 

precipitate with NaCI. 

3.6.1 Precipitation using NaCI followed by cation exchange 

The ICP-AES results of filtrates for two experiments after the addition of NaCI and 

the precipitation of AgCI folIowed by passage through a cation exchange resin are 

shown in table 24. 

Table 24 Ag precipitation followed by cation exchange 

Experiment Ag(mgdm·') Co (mgdm-j Ho (mgdm-') Nb(mgdm-~ 

I 0.16 0.11 0.08 1.82 

2 0.34 0.31 0.30 1.83 

The maximum concentration of each element in the filtrates assuming that each 

element remained soluble and were not retained by the resin was 1 mg dm-3
• The 

results show that the remaining Ag in solution after precipitation of AgCI was present 

as an anionic species believed to be a soluble chloro complex. Anionic species of Ho 

and Co were also shown to have formed. The following results confirm that the 

remaining Ag species was anionic. 

3.6.2 Ag precipitation using NaCI followed by anion exchange 

The ICP-AES results of filtrates for two experiments after the addition of NaCI and 

the precipitation of AgCI followed by passage through an anion exchange resin are 

shown in table 25. 

Table 25 Ag precipitation followed by anion exchange 

Experiment Ag(mg dm-') Co (mgdm .... ) Ho (mgdm-') Nb (mgdm-') 

I 0.01 0.91 0.71 0.40 

2 0.06 0.89 0.66 0.28 
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The maximum concentration of each element in the filtrates assuming that each 

element remained soluble and were not retained by the resin was 1 mg dm-3
_ The 

results show that the Ag remaining in solution which did not precipitate as AgCl was 

removed from solution by the resin confirming that the soluble Ag was present as an 

anionic species. 

The precipitation results have shown that 80% of the initial concentration of Ag was 

precipitated as AgC\. The remaining 20% was soluble and this result can be related to 

the AgCI solubility product shown in figure 10, section 2.5.1.4, chapter 2 and 

equation 1, section 2.2.7, chapter 2_ 

The results of experiments using a reagent that was known to form a Ag complex with 

a much lower solubility product are shown in the following section. 

3.6.3 Precipitation using KI 

The ICP-AES results of filtrates for two experiments after the addition of KI and the 

precipitation of AgI are shown in table 26. 

Table 26 Ag precipitation with 0.1 mol dm-J KI solution 

Experiment Ag(mgdm"') Co (mgdm-') Ho (mgdm"') Nb (mgdm-') 

1 1.00 2.41 0.67 2.13 

2 1.19 2.31 0.67 2.10 

The maximum concentration of each element in the filtrate assuming that each 

element remained soluble was 2 mg dm-3
. The precipitation of Ag using KI was 

shown to be less successful than the precipitation with NaCI despite the solubility 

product of AgI being much lower than AgC\. 
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3.7 Attempted AgI co-precipitation with Zr(HP04h 

The ICP-AES results of an experiment involving the attempted co-precipitation of 

AgI from a solution containing Ag and Co are shown in table 27. 

Table 27 AgI co-precipitation with Zr(HP04h 

Ag Co 

Cone. (mg dm·3) 0.85 0.91 

The maximum concentration of Ag and Co in solution assuming that Ag and Co 

remain in solution was 1 mg dm·3• The results show that 85% of the initial 

concentration of Ag added remained in solution and AgI was therefore not 

successfully precipitated. The concentration of KI provided excess r ions for the 

formation of AgI which indicates that there was either not a high enough 

concentration of Zr or not a high enough concentration of phosphoric acid to form the 

Zr(HP04)2 complex required for co-precipitation of AgI. 

The ICP-AES results below show three repeat experiments using excess zirconium. 

Table 28 AgI co-precipitation using excess zirconium 

Experiment Ag (mg dm''') Co (mgdm'3) 

1 1.82 1.77 

2 1.74 1.97 

3 1.96 1.95 

The maximum concentration of Ag and Co in solution assuming that Ag and Co 

remain in solution was 2 mg dm·3. Crystals were observed after leaving the solution to 

stand overnight which indicates that Zr(HP04)2 precipitated, however the method was 

unsuccessful at co-precipitating AgI. 
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The following section shows results of eluting cation exchange resin with NaN02 to 

separate Ag from Co. 

3.8 Ag separation with NaNOz eluant on cation resin 

Table 29 shows the percentage recovery of Ag and Co in the NaN02 eluate calculated 

from ICP-AES results. 

Table 29 Ag elution with 2% NaNOz 

Eluate %Ageluted % Co eluted 

Initial 100 cm' solution 0 0 

2 % NaN02(Ist 10 cm') 0 0 

2 % NaN02 (2no 10 cm') 0 6 

2 % NaN02 (3'U 10 cm') 0 0 

2 % NaN02 (4ID 10 cm') 0 0 

2 % NaN02 (SID 10 cm') 7 0 

2 % NaN02 (6"'10 cm') 10 0 

2 % NaN02 (7"' 10 cm') 11 0 

2 % NaN02 (SID 10 cm') 10 0 

2 % NaN02 (9'n 10 cm') 10 0 

2 % NaN02 (I Om 10 cm') 9 0 

2 % NaN02 (Il ID 10 cm') 6 0 

2 % NaN02 (12ID 10 cm') 4 1 

2 % NaN02 (1301 10 cm') 4 1 

2 % NaN02 (14ID 10 cm') 3 1 

2 % NaN02 (ISID 10 cm') 2 1 

2 % NaN02(16m 10 cm') 2 1 

2 % NaN02 (I7ID 10 cm') 2 1 

2 % NaN02 (ISID 10 cm') 1 1 

2 % NaN02 (1901 10 cm') 1 1 

2 % NaN02 (20ID 10 cm') 1 1 

Total % eluted S3 15 
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The results show a separation of> 80% Ag from> 80% Co. A small percentage of Co 

was eluted over 200 cm3 of2% NaN02, 6% of which was detected in the second 10 

cm3 fraction. The Co complex believed to be formed was CO(N02)2. However the 

N02° ions were shown to prefer to react with Ag forming the [Ag(N02)2r complex. 

Table 30 shows results of further elution of the same resin with a higher concentration 

NaN02 solution. 

Table 30 Co elution with 5% NaNOz 

5% NaNOz eluate % Ageluted % Co eluted 

1st 50 cm' 7 15 

2na 50 cmj 1 10 

3fO 50 cmj 0 7 

4th 50 cm' 0 5 

The results show that when the concentration of NaN02 was increased to a 5% w/v 

solution, Co was eluted from the resin. However only a further 37% of the initial 

added Co concentration was eluted. These results suggest that because more N02° 

ions were provided by the increased concentration of NaN02 solution, these reacted 

with C02+ forming cobalt nitrite. 

The following section shows the results of an experiment adapted to prevent the small 

amount of Co observed in the last experiment from being channelled through the resin 

by the nitrogen dioxide gas bubbles. 

3.8.1 Increased contact time ofNaN02 on resin 

Table 31 shows the percentage recovery of Ag and Co in the NaN02 eluate calculated 

from ICP-AES results for an experiment with an increased initial contact time of 

NaN02 with the resin. 
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Table 31 Increased initial contact time of NaN02 with cation exchange resin 

Eluate % Ageluted % Co eluted 

Initial 100 cm' solution 0 0 

2 % NaNOz (1 SI 20 cm') 0 0 

2 % NaNOz (2no 20 cm') 0 0 

2 % NaNOz (3'· 20 cm') 22 0 

2 % NaNOz (4U1 20 cm') 31 0 

2 % NaNOz (5
tn 20 cm') 9 1 

2 % NaNOz(6tn 20 cm') 0 1 

2 % NaNOz (7U1 20 cmJ
) 0 1 

2 % NaNOz (8U1 20 cm') 0 1 

2 % NaNOz (9
tn 20 cm') 0 1 

2 % NaNOz (10th 20 cmJ
) 0 1 

2 % NaNOz (11th 20 cm") 0 1 

2 % NaNOz (12'" 20 cm') 0 1 

2 % NaNOz (13th 20 cm") 0 1 

2 % NaNOz (14th 20 cm") 0 1 

2 % NaN02 (15'" 20 cm') 1 1 

Total % eluted 63 11 

The results show that by leaving the first 10 cm3 of 2% NaN02 solution in contact 

with the resin for 30 minutes, the elution of a small amount of Co within the first 20 

cm3 was prevented. A total of> 60% Ag was eluted after 200 cm3 of2% NaNOz. The 

results also show that no more Ag was eluted with a further 100 cm3 of 2% NaN02 

solution. 

Table 32 shows results of further elution of the same resin with 5% and 8% NaNOz 

solutions. 
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Table 32 Attempted Co recovery using 5% and 8% NaNOl solutions 

Eluatc % Ag eluted % Co elu tcd 

5 % NaN02 (1st 100 cm» 0 23 

5 % NaN02 (2"U 100 cm» 0 8 

5 % NaN02(3 '" 100 cm» 0 5 

5 % NaN02 (4'" 100 cm» 0 4 

8 % NaN02 (1st 100 cm» 0 2 

8 % NaN02 (2"" 100 cm» 0 0 

The results show that no more Ag was eluted when the stTengtb of NaN02 was 

increased. A further 40% Co was eluted after 400 cmJ of 5% NaN02 solution, most of 

which was detected in the first 200 cm] Therefore the quantitative separation of Ag 

from > 90% Co was achieved within 200 cm3 of 2% NaN02 solution. Only a further 

2% Co was eluted with an increased strength of 8% NaN02 solution. Therefore > 50% 

of the initial concentration of Co remained adsorbed to the resin. 

Figure 18 summarises the percentage recovery of Ag and Co calculated from ICP­

AES results of four repeat experiments using 200 cm3 of2% NaN02 solutions. 

Figure 18 Ag sepa ration f rom Co using 2% NaNOl 
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Figure 18 shows consistent elution of> 70% Ag and an average of 12% Co using an 

NaN02 eluant. This ion exchange method provides a good separation of Ag from Co. 

It was reported that 80% Ag was separated from Co after the elution of a cation 

exchange resin with 200 cm3 of 2% NaN02 solution[90,9l,138]. It was also reported 

that the same concentration ofNaN02 solution resulted in the separation of75% Pd2+ 

from Au3+[1381. Therefore the results of this experiment were very similar to reported 

separations using the NaN02 eluant. 

3.9 Separation of Ho from Co 

Following the development of a suitable method for the separation of Ag from Co the 

next section shows results of the investigation into the separation of Ho from Co using 

various eluants and resins. 

3.9.1 Ammonium citrate eluant 

Table 33 shows the ICP-AES results for the ammonium citrate eluates of two 

experiments involving cation exchange resins loaded with Ag, Co and Ho. 

Table 33 Ammonium citrate elution 

Sample Ag(mgdm") Co (mgdm") Ho (mg dm"') 

1 0.09 0.44 0.43 

2 0.07 0.23 0.29 

The maximum concentration of Ag, Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dm'3. The results show that between 10 and 20% of 

the initial concentration of Ho loaded onto the resin was eluted. It was believed that 

the pH of the citrate solution may have been reduced by the use of the H-form cation 

resin. 

The ICP-AES results of two repeat experiments using the Na-form cation resin to 

avoid reducing the pH of solution are shown in table 34. 
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Table 34 Ammonium citrate elution using Na form resin 

Sample Ag(mgdm-·) Co (mgdm-') Ho (mgdm-') 

I 0_17 1.67 LI8 

2 0-28 1.76 1-51 

The maximum concentration of Ag, Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dm-3
_ The results show that between 60 and 75% of 

the initial concentration of Ho loaded onto the resin was eluted as a holmium citrate 

complex_ However 85% of the initial concentration of Co loaded onto the resin was 

also eluted. These results suggest that Co2
+ was oxidised to C03

+ forming a cobalt 

citrate complex possibly [Co(C6Hs07)2t. Therefore anunonium citrate was not a 

selective eluant for the separation of Ho from Co on a cation exchange resin. 

The following sections show results of two eluants investigated to achieve separation 

of Co from Ho on a cation exchange resin. 

3.9.2 Ammonium oxalate eluant 

Table 35 shows ICP-AES results of the ammonium oxalate eIuates of two 

experiments involving cation exchange resins loaded with Ag, Co and Ho. 

Table 35 Ammonium oxalate elution 

Sample Ag(mgdm-·) Co (mgdm .... ) Ho (mg dm-') 

I 0.10 1.55 0.80 

2 0.26 1.76 1.17 

The maximum concentration of Ag, Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dro-3
• The results show that> 75% of the initial 

concentration of Co loaded onto the resin was eluted as a cobalt oxalate complex as 

expected. However between 40 and 60% of the initial concentration of Ho loaded 
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onto the resin was also eluted. This result suggests that a holmium oxalate complex 

was eluted and that Co was again oxidised to C03
+ possibly forming [CO(C204)i-. It 

was therefore shown that ammonium oxalate was not selective towards Co in the 

presence of Ho. 

3.9.3 Nitroso-R salt eluant 

Table 36 shows ICP-AES results of the nitroso-R salt eluates of two experiments 

involving cation exchange resins loaded with Co and Ho. 

Table 36 Nitroso-R salt elution 

Nitroso-R eluate Co (mg dm-') Ho (mg dm-') 

I 0.86 0.31 

2 0.07 0.01 

The maximum concentration of Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dm-3
• The results show that 48% Co and 16% Ho 

were eluted in the first 50 cm3 of the nitroso-R salt eluate. However the remaining Co 

and Ag initially loaded onto the resin were not eluted with further nitroso-R salt 

solution. Despite the complexing salts ability to form complexes with Co, it was 

found not to be 100% selective towards Co in the presence of Ho. 

The following results show the separation ofRo from Co using a lanthanide resin. 
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3.9.4 Extraction of Ho with lanthanide resin 

Table 37 shows the ICP-AES results of various concentrations of HN03 eluate on a 

lanthanide resin for solutions containing Co and Ho. 

Table 37 Separation of Ho from Co using lanthanide resin 

Eluate Co (mgdm") Ho (mgdm'J) 

0.15 mol dm·
j 

HN03 1.86 0.00 

0.25 mol dm'j HN03 I 0.00 0.00 

0.25 mol dm" HN03 2 0.00 0.00 

1 mol dm" HN03 0.00 0.92 

The maximum concentration of Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dm'3. The results show that all of the initial 

concentration of Co loaded onto the resin was eluted with 0.15 mol dm'3 HN03 whilst 

Ho was retained by the resin. Ho was not eluted with a higher concentration of 0.25 

mol dm,3 HN03 solution. However 46% of the initial concentration of Ho loaded onto 

the resin was eluted when the concentration of HN03 was increased to I mol dm'3. 

Therefore 0.15 mol dm'3 HN03 was successful at separating Ho from Co on 

lanthanide resin. 

Table 38 shows ICP-AES results for a repeat experiment without the inclusion of the 

1 mol dm'3 HN03 eluate. 

Table 38 Repeated separation of Ho from solution using lanthanide resin 

Eluate Co (mg dm'"') Ho (mg dm'"') 

0.15 mol dm'j HN03 1.92 0.00 

0.25 mol dm''> HN03 1 0.00 0.00 

0.25 mol dm" HN03 2 0.00 0.00 
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The maximum concentration of Co and Ho in the eluates assuming these elements 

were completely eluted was 2 mg dm·3. Similar results were observed. 

The following results show Ho separation from Co using lanthanide resin with the 

inclusion of Nb and Ag anaiytes. 

3.9.4.1 Extraction of Ho and Nb from solution using lanthanide resin 

Table 39 shows ICP-AES results of eluates for three experiments after solutions 

containing Co, Ho and Nb were passed through lanthanide resin. 

Table 39 Separation of Ho and Nb from solution using lanthanide resin 

Sample Co (mgdm·J ) Ho (mgdm·J ) Nb (mgdm·J) 

1 1.89 0.00 0.00 

2 2.07 0.00 0.01 

3 1.86 O.oI 0.01 

The maximum concentration of Co, Ho and Nb in the eluates assuming these elements 

completely passed through the resin was 2 mg dm·3• Similar results were observed. 

Nb was also shown to be retained by the lanthanide resin. This result was unexpected 

because Nb was believed to be present as [NbOFst from previous results. The result 

was explained by the dilution of trace HF in the stock solution causing a positively 

charged Nb species to dominate in solution resulting in Nb retention on the resin. 

Table 40 shows the ICP-AES results of eluates for three experiments after solutions 

containing Ag, Co, Ho and Nb were passed through lanthanide resin. 
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Table 40 Separation of Ho and Nb from Co and Ag using lanthanide res in 

Sample Ag (mg dm-') Co (mg dm-') Ho (mg dm-') Nb (mg dm-j 

I 0.8 1 0.78 0.00 0.01 

2 0.83 0.86 0.00 0.00 

3 1.00 0.95 0.00 0.00 

The maximum concentration of each element in the eluates assuming these element 

completely passed through the res in was I mg dm-3 The resu lts show that when all 

the anaJytes were passed through the resin in solution, Ag and Co were both eluted as 

expected whi lst Ho and Nb were both retained by the resin . The lanthanide resin 

experiments therefore show that solutions containing Ag, Co, Ho and Nb wi th an acid 

concentration below I mol dm-3 resulted in the separation of Ho and Nb from Ag and 

Co. 

3.9.4.2 Application of separation using Ln resin to dissolution samples 

Figure 19 summarises the percentage recoveries of Ag, Co, Ho and Nb in solution 

calculated from lCP-AES results after four di ssolution samples were passed through 

separate lanthanide resin columns. 

Figure 19 Application of lanthanide resin to dissolution samples 
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The maximum concentration of each element after dilution assuming these elements 

completely passed through the resin was I mg dm-3 Therefore 100% recovery was 

equjvalent to I mg dm-3 The results show that > 80% Ag passed through the resin in 

each experiment simultaneously with 100% Co as expected_ 100% Ho and > 80% Nb 

were retained by the resin. Therefore the method was successful at separating Ho and 

Nb from Ag and Co in inactive di ssolved tacky swab samples. 

Figure 20 shows another set of di ssolution samples containing the analytes at higher 

concentrations after the so lutions were passed through lanthanide res in. 

Figure 20 

~ 

'" > 
0 
<..> 

'" ~ 
~ 

Application of lanthanide resin to dissolution samples containing 

higher concentrations of analytcs 

100 

80 

60 C~ 
. Co 

40 
[CHO 

20 D 
CNb 

0 
2 3 4 

Experiment 

The maximum concentration of each element after dilution assuming these elements 

completely passed through the res in was 2 mg dm-3
. Therefore 100% recovery was 

equivalent to 2 mg dm-3 Similar results were observed confirming that the method of 

separation was successful when applied to di ssolved tacky swab samples containing 

Ag, Co, Ho and Nb between I and 2 mg dm-] 
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3.9.4.3 Flow rate of solution through lanthanide resin 

Table 41 shows ICP-AES results of a dissolution sample containing Ag, Co, Ho and 

Nb after being pumped through lanthanide resin at various rates. 

Table 41 Lanthanide resin flow rate 

Flow rate Ag(mgdm·') Co (mgdm·') Ho (mgdm·') Nb (mgdm·J) 

(cm3 min·l ) 

40 1.96 1.97 0.00 O.oI 

70 1.98 2.00 0.00 0.01 

100 2.14 1.99 O.oz 0.02 

The maximum concentration of each element in solution after it was pumped through 

the resin assuming that these elements completely passed through the resin was 2 mg 

dm·3• The results show that the separation was not affected by the flow rate of 

solution. Therefore the solution could be pumped through the resin at a faster rate 

making the method less time consuming. 

3.10 Radioactive tacky swab I filter paper ICP-AES analysis 

Section 3.1 0.1 shows the reproducibility of the inactive tracer element behaviour at 

each stage of the method applied to radioactive and blank swab and filter samples by 

summarising the ICP-AES percentage tracer recoveries. Section 3.1 0.2 shows specific 

concentrations detected at each stage of the overall applied method for the radioactive 

samples. 

3.10.1 Reproducibility of inactive tracer element recoveries in radioactive and 

blank samples 

Figures 21 to 24 summarise and compare the percentage recoveries of the inactive 

tracer elements of the radioactive swab and filter and blank swab and filter samples at 

each stage of the method. 
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Figure 21 Reproducibility of analyte recoveries after dissolution 
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The recoveries were calculated as percentage yields relative to the concentration of 

each element that would be transferred to solution with the successful and complete 

transfer of each element from the solid samples to solution. The chart shows that an 

average of > 80% of each analyte were successfully transferred from the solid 

samples to solution and the dissolution stage results were reproducible for radioactive 

and blank samples. 

Figure 22 shows a summary of the percentage recovery of Ag, Co, Ho and Nb for 

each sample in solution after they were passed through lanthanide resin . 
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Figure 22 Reproducibility of ana lyte recoveries after the lantha nide resin 
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The recovenes were calculated as percentage yields relati ve to the initial 

concentration detected at the dissolution stage. The general observation was that > 

80% Ag, Co, and Nb passed through the lanthanide res in whilst Ho was retained. The 

results were therefore reproducible at the Ho separation stage of the method for 

radioactive and blank samples. 

Figure 23 shows a summary of the percentage recovery of Ag, Co, Ho and Nb in each 

sample after being passed through cation exchange resin. 

F igure 23 Reproducibility of ana lyte recoveries after cation resin stage 
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The recovenes were ca lculated as percentage yields relati ve to the initial 

concentrations detected. An average separation of > 80% Nb and between 10 and 20% 

Ag from > 95% Co was observed at tllis stage of the method. The percentage Nb 

recovery fo r filter sanlple 1 B was not avai lable because of instrument detection errors 

at the dissolution stage. However tile results at the N b separation stage of the method 

were reproduci ble for rad ioacti ve and blank samples. 

Figure 24 shows a summary of the percentage recovery of Ag, Co, Ho and Nb in each 

NaN02 eluate. 

Figure 24 Reproducibility of analyte recoveries in NaN02 cluatcs 
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The recoveri es were calculated as percentage yields relative to the initial 

concentrations detected. The mean average of all the radioacti ve samples shows that 

45% Ag was separated from > 90% Co and the results were shown to be reproducible 

at the Ag separation stage of the method for radioacti ve and blank samples. 

The tracer element yield summarIes show consistent and reproducible results 

throughout the di ssolution and separation stages of the method when applied to 

radioactive and blank samples. The behaviour of Ag, Co, Ho and Nb in both inactive 

samples (blank swab and blank filter samples) were shown to be similar to the 

behaviour in the radioacti ve samples. The reason why Nb behaved differently in 

inactive experiments performed at Loughborough University was thought to be 

because the amount of trace HF present in the Nb stock solution was slightly lower 
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than the amount present in the Nb stock solution provided by Berkeley Centre. TIlls 

led to hydrated Nb oxide species[44] pre-dominating over the predicted [NbOFst 

species and explains the retention of 80% Nb to the lanthanide resin in the method 

development experiments. The retention was not 100% because of the Nb oxide 

colloidal suspension formed from hydrolytic decomposition[44]. It is known that 

increasing the HF concentration of a Nb solution increases the adsorption of Nb on 

anion exchange resins at higher than 5% concentrations[139]. This is because it is the 

heptafluoro anion [NbF7]2-[44] that dominates over the oxyfluoro anion [NbOFsf and 

is more strongly adsorbed to the resin. TIlls provides an understanding for why Nb 

differs in behaviour in solutions containing trace levels of HF. There was not 

sufficient HF in some of the samples to form oxyflouro complexes and therefore Nb 

did not pass through the resin. 

3.10.2 Radioactive swab I filter ICP-AES analysis 

The following tables show concentrations detected by ICP-AES, percentage 

recoveries of the concentrations and 20' uncertainty values for Ag, Co, Ho and Nb 

tracer elements in the radioactive tacky swab and filter paper samples at each stage of 

the method. Percentage tracer recoveries were obtained by calculating the 

concentrations in mol dm-3 and comparing them to the initial concentrations detected. 

Uncertainty values were calculated by 2sd where sd is the standard deviation 

calculated by the instrument. 

3.10.2.1 Swab samples 

Tables 42 to 45 show the ICP-AES analysis of duplicate samples taken from swab 

sample I. Concentrations were expressed in mg dm-3 and the maximum concentration 

of each element assuming that each element remains in solution at the different stages 

of the method (apart from in the NaN02 eluates) was I mg dm-3
• 
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Table 42 Swab 1 dissolution 

Sample Ag Co Ho Nb 

Concentration detected lA 0.92 0.98 0.96 1.02 

(mgdm-3
) 1B 0.94 1.00 0.96 1.03 

2IT uncertainty (mg dm-3
) lA ±0.02 ±0.02 ±0.02 ±0.02 

lB ±0.01 ±0.02 ±0.01 ±0.01 

The results show that each of the analytes were successfully transferred to solution for 

both samples taken from swab 1. 

Table 43 Swab 1 solutions after lanthanide resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-') lA 0.92 1.00 0.27 0.95 

1B 0.95 1.02 0.46 0.99 

2IT uncertainty (mg dm-3) lA ±0.02 ±0.02 ±0.01 ±0.01 

1B ±0.Q1 ±0.01 ±0.01 ±0.01 

% tracer recovery lA 100 100 28.5 93 

1B 100 100 48 96 

From these results it was calculated that between 52 and 71.5% of the initial detected 

concentration of Ho was retained by the lanthanide resin. Some of the Ho was 

therefore observed to pass through the lanthanide resin. This was thought to be a 

result of channelling and was not consistent with other radioactive and blank sample 

results. This retention of less than 60% Ho was considered a freak result. Ag, Co and 

Nb passed through the resin as predicted_ 
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Table 44 Swab 1 solutions after cation exchange resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm''» lA OJO 0.04 0.01 0.95 

1B 0.09 0,02 O.ot 0.98 

2cr uncertainty (mg dm") lA ±0.01 ±O.ot ±0.01 ±0.02 

lB ±0.01 ±0.01 ±0.01 ±0.02 

~tracerrecovery lA 11 4 1 94 

lB 10 2 1 95 

The results show that relatively small percentages of the initial detected 

concentrations of Ag and Co passed through the resin. Nb was shown to pass through 

the cation exchange resin supporting the theory that the [NbOFsf species was pre­

dominant in the tacky swab samples, Despite the difference in Nb behaviour to that in 

the method development experiments a quantitative separation of Nb from Co was 

observed by its isolation in solution after the samples were passed through the cation 

exchange resin. 

Table 45 NaN01 eluates for Swab 1 

Sample Ag Co Ho Nb 

Concentration detected (mg dm''» lA 5.34 0.65 0.00 0.00 

1B 4.65 0.73 0.00 0.02 

2cr uncertainty (mg dm") lA ±0.01 ±0.01 . ±0.01 ±0.01 

1B ±0.04 ±0.01 ±0.01 ± 0.01 

~ tracer recovery lA 58 7 0 0 

1B 49 7 0 0 

The volume of the NaN02 eluate added to the resin was smaller than the volume of 

the sample at previous stages of the method, therefore the concentrations detected at 

this stage of the method were divided by a dilution factor to calculate the percentage 

tracer recoveries. The results show that between 49 and 58~ of the initial detected 

concentration of Ag was detected in swab sample I and was therefore separated from 
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> 90% of the initial detected concentration of Co. From the results of the last two 

stages of the method it was calculated that between 31 and 41 % of the initial detected 

concentration of Ag and between 89 and 91 % of the initial detected concentration of 

Co remained adsorbed to the cation exchange resin. 

Tables 46 to 49 show the ICP-AES analysis for duplicate samples taken from swab 

sample 2. Concentrations were expressed in mg dm·3 and the maximum concentration 

of each element assuming that each element remains in solution at the different stages 

of the method (apart from in the NaN02 eluates) was 1 mg dm"3. 

Table 46 Swab 2 dissolution 

Sample Ag Co Ho Nb 

Concentration detected (mg dm"j) 2A 0.87 1.04 1.05 1.07 

2B 0.52 1.00 1.00 1.05 

20- uncertainty (mg dm"3) 2A ±0.01 ±0.Q2 ±0.01 ±0.02 

2B ±0.01 ±0.01 ±0.02 ±0.01 

The results show that all of the analytes were successfully transferred to solution for 

swab sample 2A. However only half of the expected concentration of Ag was detected 

for swab sample 2B. This was thought to be experimental error because both samples 

were taken from the same swab and the successful transfer of Ag was observed in the 

first sample (2A). 

Table 47 Swab 2 solutions after lanthanide resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm"') 2A 0.85 1.02 0.00 1.01 

2B 0.12 1.00 0.00 0.96 

20- uncertainty (mg dm"3) 2A ±0.01 ±0.Dl ±O.OI ±0.01 

2B ±0.01 ±0.01 ±O.OI ±0.01 

% tracer recovery 2A 98 99 0 94 

2B 23 100 0 92 
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The results show that Ag, Co and Nb passed through the lanthanide resin and Ho was 

retained which was similar to the analyte behaviour observed for swab I. However 

only a small percentage of the initial detected concentration of Ag was measured in 

sample 2B. The low Ag detection suggests that Ag was retained by the lanthanide 

resin which is the opposite result to other radioactive and blank samples. A loss of 

solution was ruled out as a possibility for the low Ag detection because> 90% Co and 

Nb were shown to pass through the resin. 

Table 48 Swab 2 solutions after cation exchange resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-J
) 2A 0.16 0.04 0.00 0.99 

2B 0.09 0.03 0.00 0.89 

2<1 uncertainty (mg dm-3
) 2A ±0.01 ±O.oI ±0.01 ±0.05 

2B ±0.01 ±O.oI ±0.01 ±0.02 

% tracer recovery 2A 18 4 0 93 

2B 17 3 0 85 

The results show that between 17 and 18% of the initial detected concentration of Ag 

passed through the resin. The results also show that Nb passed through the resin and 

was therefore separated from> 95% of the initial detected concentration of Co. 

Table 49 NaN02 eluates for Swab 2 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-J
) 2A 3.15 0.66 0.02 0.01 

2B 1.86 0_73 0.00 0.02 

2<1 uncertainty (mg dm-3
) 2A ±0.06 ±0.02 ±0.01 ±0.01 

2B ±0.02 ±O.o3 ±O.oI ±O.oI 

% tracer recovery 2A 36 6 0 0 

2B 36 7 0 0 
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The volume of the NaN02 eluate added to the resin was smaller than the volume of 

the sample at previous stages of the method, therefore the concentrations detected at 

this stage of the method were divided by a dilution factor to calculate the percentage 

tracer recoveries. The results show that 36% of the initial detected concentration of 

Ag was detected in swab sample 2 and was therefore separated from > 90% of the 

initial detected concentration of Co. Therefore 46% of the initial detected 

concentration of Ag and 90% of the initial detected concentration of Co were 

calculated to remain adsorbed to the cation exchange resin. The yield of Ag in the 

NaN02 eluates were shown to be the same in both of these samples indicating that the 

Ag that was detected in the dissolution sample had passed through the lanthanide 

resin but was not detected. The same observations were made at each stage of the 

method when 108mAg was detected in the same sample by gamma spectrometry 

eliminating an instrument detection error. A possible explanation points towards the 

instability of Ag when samples are left in light for long periods oftime. 

3.10.2.2 Filter samples 

Tables 50 to 53 show the ICP-AES analysis of duplicate samples taken from filter 

sample I. Concentrations were expressed in mg dm·3 and the maximum concentration 

of each element assuming that each element remains in solution at the different stages 

of the method (apart from in the NaN02 eluates) was I mg dm·3• The solutions after 

dissolution were measured before dilution to 2000 cm3 and therefore the maximum 

concentration of each element assuming that each element remains in solution at this 

stage of the method was 4 mg dm·3• 

Table 50 Filter 1 dissolution 

Sample Ag Co Ho Nb 

Concentration detected (mg dm") lA 3.45 3.76 3.53 3.87 

1B 2.69 2.78 2.64 2.88 

2a uncertainty (mg dm·3
) lA ±0.04 ±0.02 ±0.07 ±0.06 

1B ±0.04 ±0.03 ±0.04 ± 0.03 
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The results show that each of the analytes were successfully transferred to solution for 

the first sample taken from filter I. However the concentrations of each element at 

this stage of the method for the second sample taken from filter I were lower than 

expected because of an instrument detection error. This was concluded because of the 

successful transfer of each analyte in sample lA and because the detection of> 98% 

of the initial detected concentrations of Ag and Co were observed after the solution of 

sample I B was passed through the lanthanide resin. Therefore the percentage tracer 

recoveries for the following stages of the method for sample IB were calculated 

relative to the concentrations detected in solution after it had passed through the 

lanthanide resin to avoid a follow through of the errors observed after dissolution. 

Table 51 Filter 1 solutions after lanthanide resin 

Sample Ag Co Ho Nb 

Concentration detected (mg drn") lA 0.94 1.00 0.00 0.59 

1B 0.98 1.03 0.00 0.68 

20" uncertainty (mg dm·3) lA ±0.01 ±0.01 ±0.01 ±0.01 

1B ±0.01 ±0.01 ±0.01 ±0.01 

% tracer recovery lA lOO 100 0 61 

IB ---- ---- ---- ----

The results show that Ag and Co passed through the lanthanide resin and Ho was 

retained, similar to the behaviour of the analytes in the swab samples. However only 

61 % Nb passed through the resin in sample lA whereas swab sample results showed 

that Nb completely passed through the resin. This suggests that a small amount of Nb 

was not present as an anionic species and was retained by the resin. Therefore there 

was not sufficient HF present in this filter sample to produce 100% of the Nb anionic 

fluro complex discussed previously. The Nb detection for filter sample IB was similar 

to that in filter sample lA indicating that Nb mostly passed through the resin as the 

anionic fluoro complex. The percentage tracer recoveries were not calculated for filter 

sample I B because of the detection errors observed at the dissolution stage for this 

sample, however the results suggest that Ag, Co and the same percentage of Nb as in 

filter sample lA passed through the resin. From these results it was shown that Ho 
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was not detected suggesting that it was fully retained by the resin, similar to the Ho 

behaviour in filter sample lA and previous swab samples. 

TableS2 Filter 1 solutions after cation excbange resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm -') lA 0.18 0.04 0.00 0.59 

IB 0.20 0.04 0.00 0.65 

2cr uncertainty (mg dm·3) lA to.Ol to.Ol to.Ol to.Ol 

IB to.Ol to.Ol to.Ol to.02 

% tracer recovery lA 21 4 0 61 

IB 21 3 0 ----

Similar results to each of the previously analysed swab samples were observed at this 

stage of the method for filter sample 1. The Nb that was detected in the solution after 

it had passed through the lanthanide resin was detected in solution after the cation 

exchange resin for both samples. The percentage tracer recovery for Nb, however was 

not calculated because the initial concentration of Nb transferred to solution at the 

dissolution stage was not known due to an instrument detection error. 

TableS3 NaN01 eluates for Filter 1 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-') lA 4.07 0.71 0.00 0.01 

IB 4.40 0.73 0.00 0.01 

2cr uncertainty (mg dm-3
) lA to.03 to.Ol to.Ol to.OI 

IB to.04 to.Ol tOm to.Ol 

~otracerrecovery lA 47 8 0 0 

IB 45 7 0 0 

The volume of the NaN02 eluate added to the resin was smaller than the volume of 

the sample at previous stages of the method, therefore the concentrations detected at 

this stage of the method were divided by a dilution factor to calculate the percentage 

tracer recoveries. The results show that between 45 and 47% of the initial detected 
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concentration of Ag was detected in filter sample I and was therefore separated from 

> 90% of the initial detected concentration of Co. From the results of the previous two 

stages of the method it was calculated that between 32 and 34% of the initial detected 

concentration of Ag and between 88 and 90% of the initial detected concentration of 

Co remained adsorbed to the cation exchange resin. 

Tables 54 to 57 show the ICP-AES analysis for duplicate samples taken from filter 

sample 2. Concentrations were expressed in mg dm·3 and the maximum concentration 

of each element assuming that each element remains in solution at the different stages 

of the method (apart from in the NaN02 e1uates) was I mg dm·3• 

Table 54 Filter 2 dissolution 

Sample Ag Co Ho Nb 

Concentration detected (mg dm") 2A 0.96 0.78 1.03 1.00 

2B 0.97 0.80 1.03 1.04 

2<1 uncertainty (mg dm-3
) 2A ± 0.01 ± 0.01 ±0.01 ±0.01 

2B ±0.G2 ± 0.01 ±0.01 ±0.02 

These results show that each of the analytes were successfully transferred to solution 

for both samples taken from filter sample 2. 

Table 55 Filter 2 solutions after lanthanide resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-',) 2A 0.94 0.77 0.00 0.93 

2B 0.93 0.77 0.00 0.93 

2<1 uncertainty (mg dm-3
) 2A ±0.02 ±0.01 ±0.01 ±0.02 

2B ±0.02 ±0.02 ±0.01 ± 0.01 

% tracer recovery 2A 97 98 0 93 

2B 96 97 0 90 
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These results show that Ag, Co and Nb passed through the lanthanide resin and Ho 

was retained. These results follow the same pattern observed for the first filter sample 

and the previous swab samples. 

Table 56 Filter 2 solutions after cation exchange resin 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-') 2A 0.15 0.05 0.00 0.91 

28 0.14 0,03 0.00 0.92 

20' uncertainty (mg dm-J
) 2A ±0.02 ±O.oI ±O.oI ±0.01 

28 ±O.oI ± O.oI ±0.01 ± 0_01 

% tracer recovery 2A 15 6 0 91 

28 15 3 0 89 

The results were consistent with the other radioactive samples and also show the 

separation of Nb from > 90% Co with a small percentage of the initial detected 

concentration of Ag in solution. 

Table 57 NaN01 eluates of Filter 2 

Sample Ag Co Ho Nb 

Concentration detected (mg dm-J) 2A 3.88 0.59 0.00 O.oI 

28 4.38 0.45 0.00 O.oI 

20' uncertainty (mg dm-3
) 2A ±0.02 ±0.01 ±0.01 ±0.01 

28 ±0,07 ±0.29 ±0.01 ±0.02 

% tracer recovery 2A 40 7.5 0 0 

28 45 6 0 0 

The volume of the NaN02 eluate added to the resin was smaller than the volume of 

the sample at previous stages of the method, therefore the concentrations detected at 

this stage of the method were divided by a dilution factor to calculate the percentage 

tracer recoveries. The results show that between 40 and 45% of the initial detected 

concentration of Ag was detected in filter sample 2 and was therefore separated from 
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> 90% of the initial detected concentration of Co. From the results of the previous two 

stages of the method it was calculated that between 86 and 91% of the initial detected 

concentration of Co remained adsorbed to the cation exchange resin. 

3.10.2.3 Blank swab sample 

Tables 58 to 61 show ICp·AES results of the dissolution and separation methods 

applied to a blank tacky swab sample containing no activity at Berkeley Centre. 

Concentrations were expressed in mg dm'3 and the maximum concentration of each 

element assuming that each element remains in solution at each stage of the method 

(apart from after dissolution and in the NaN02 eluate) was 1 mg dm'3. 

Table 58 Blank swab dissolution 

Ag Co Ho Nb 

Concentration detected 3.79 3.74 3.51 4.49 

(mg dm'3) 

20 uncertainty (mg dm'3) ± 0.16 ± 0.14 ±0.17 ±0.20 

Table 59 Blank swab solution after lanthanide resin 

Ag Co Ho Nb 

Concentration detected 1.03 1.00 0.00 0.89 

(mgdm,3) 

20 uncertainty (mg dm'3) ± 0.01 ±0.Q2 ± 0.01 ±O.oI 

Table 60 Blank swab solution after cation exchange resin 

Ag Co Ho Nb 

Concentration detected 0.26 0.04 0.00 0.93 

(mg dm'3) 

20 uncertainty (mg dm'3) ± 0.01 ±0.01 ±0.01 ±0.02 
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Table 61 NaN02 eluate of blank swab 

Ag Co Ho Nb 

Concentration detected 4.68 0.67 0.00 0.02 

(mg dm·3) 

20" uncertainty (mg dm·3) ±0.Q3 ± 0.01 ±0.Q1 ±0.01 

The recoveries of Ag and Co at the Ag separation stage for the blank swab sample 

were 49 and 7% respectively. Similar results observed to those of the radioactive 

samples were observed throughout the method. 

3.10.2.4.1 Blank filter sample 

Tables 62 to 65 show the ICP-AES analysis of a blank filter sample containing no 

activity. Concentrations were expressed in mg dm·3 and the maximum concentration 

of each element assuming that each element remains in solution at each stage of the 

method (apart from in the NaN02 eluate) was 1 mg dm-3
. 

Table 62 Blank filter dissolution 

Ag Co Ho Nb 

Concentration detected 0.98 0.93 0.76 0.98 

(mgdm-3) 

20" uncertainty (mg dm-3
) ±0.03 ± 0.01 ±0.01 ±0.02 

Table 63 Blank filter solution after lanthanide resin 

Ag Co Ho Nb 

Concentration detected 0.92 0.90 0.01 0.91 

(mgdm-3
) 

20" uncertainty (mg dm-3
) ±0.05 ±0.07 ±0.Q1 ±0.05 
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Table 64 Blank filter solution after cation exchange resin 

Ag Co Ho Nb 

Concentration detected 0.03 0.02 0.00 0.93 

(mg dm-3) 

20' uncertainty (mg dm-3
) ±0.01 ±O.oI ±0.01 ±0.01 

Table 65 NaN02 eluate of blank filter 

Ag Co Ho Nb 

Concentration detected 4.70 0.72 0.00 0.01 

(mgdm-3
) 

20' uncertainty (mg dm-3
) ±0.21 ±0.02 ±0.01 ±0_01 

The recoveries of Ag and Co at the Ag separation stage were 48 and 8% respectively. 

Similar results were observed to radioactive filter samples throughout the method. 

3.11 Radioactive swab I filter sample gamma spectrometry analysis 

Section 3.11.1 shows the reproducibility of the gamma spectrometry results by 

sununarising the 60CO and 108m Ag activity detected in the radioactive swab samples 

and comparing it to the activity corrected using the inactive tracer element yields. 

Sununaries of activity measured in the filter samples were not shown because the low 

108m Ag in these samples prevented quantitative measurement of this radioanalyte at 

various stages of the method. Section 3.11.2 shows detailed analysis of detected 

activity, corrected activity using tracer recoveries and uncertainty values at each stage 

of the method for duplicate swab and filter samples. 
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3.11.1 Reproducibility of gamma spectrometry results for radioactive swab 

samples 

Figures 25 to 28 summarise the 1080lAg and 6OCO acti vity detected in the radioacti ve 

swab samples ca lcula ted as percentages of ini tial acti vity detected. These are 

compared with the acti vity corrected using inactive tracer element yields at various 

stages of the method. 

Figure 25 Reproducibility of swab sample 10801 Ag and 60Co activity detection 

in solution after lanthanide resin 
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a = activity detected (shown as a percentage of iJljtiaJ acti vity detected) 

ca = corrected activity using tracer yield (shown as a percentage of inj tia l acti vity 

detected) 

The results show that the acti vity detected for the swab samples were simjlar to the 

corrected activity showing that all of the initia l detected 108m Ag and 6OCO activity 

passed through the lanthanide resin. Significant amounts of 108m Ag and 6OCO were not 

detected in the lanthanide resin slurry and reproducible results were observed for 60Co 

and 1080lAg in solution after it was passed through lanthanide resin. 
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Figure 26 Reproducibility of swab sample 108mAg a nd 60Co activity detection 

in solution after ca tion exchange resin 
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Less than va lues were detected for 108"'Ag activity In swab samples I A and 1 B 

because the amount of initia l I081l1Ag acti vity was lower than the detection limits of t he 

instrument. In samples such as swab samples 2A and 2 B where the initial I08"'Ag 

acti vi ty was higher, the detected activity va lues were simi lar to the corrected activ ity 

indicating that 108", Ag was behaving in the same way as inactive Ag at thi s stage of 

the method. The results show that the removal of 6OCo and I08mAg from solution was 

reproducible in the radioactive swab samples. 
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Figure 27 Reproducibility of swab sample los"'Ag and 60Co activity detection 

in NaN02 eluates 
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The results show that an average separation of 50% of the ini tial detected 10s"'Ag was 

observed which was similar to the corrected acti vity ca lculated fTom the inacti ve 

tracer yields. However in sample IB the detected acti vity was sligh tly hjgher than the 

corrected acti vity and the reason for thi s was shown to be because of swamping of the 

initial 10s"'Ag peak by the 60Co Compton edge scattering. This was confirmed because 

it was known that the initial losmAg acti vity was swamped at the di ssolution stage for 

swab l A. Therefore by separating 10SmAg from 6OCo, the initial 108111Ag acti vity in the 

swab samples was either determined or confirmed using the percentage inactive tracer 

yield at the Ag separation stage. 

The separation of I08 111Ag from 6OCo using NaN0 2 was successful and reproducible in 

the radioactive swab samples achiev ing better detection limits for 10801 Ag detection. 
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Figure 28 Reproducibility of swab sample 108mAg and 60Co activity detection 

on cation exchange resin 
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The remai ning I08mAg and 6OCo were shown to be adsorbed to the cation exchange 

res in. However I0811lAg was not quantitatively measured on the resin because of the 

large amount of 6oCo interference also adsorbed 10 the resin. 

3.11.2 Gamma spectrometry analysis of swab samples 

Tables 66 to 77 show the specific activ ity detected, uncertainty values for that activity 

and corrected activity values calculated from the initial activity measurements using 

ICP tracer yields at each stage of the method for the radioactive swab samples (shown 

as Bq per gram of sample). 

The sample activities were not measured prio r to dissolution. This was because areas 

of sample that contain contamination were cut from the total swab and analysed and 

therefore this does not give a quantitative measurement of activity relative to the 

whole sample but a qual itative measurement of radionuclides present. Relating the 

activity obtained back to the total sample would not be correct because only the 

contaminated part of the sample was analysed and tbe sanlples were not 

bomogeneous. Therefore the quantitative measurements di scussed in the following 

analysis relate to the comparison of detected activity values at various stages of the 
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method to the initial detected activity of the sample solution after it was dissolved 

providing a ratio measurement of isotopes required for radionuclide inventories[ 6]. 

Activity values for the solutions at each stage of the method are shown as total 

activity calculated by multiplying the measured activity in the 100 cm3 beaker by 

relevant factors relating to the total volume of solution at that particular stage. These 

calculations account for the volume taken for ICP analysis. Where the activity values 

are quoted as less than values, the activity was below the instruments minimum 

detectable amount for that radioisotope. The corrected activity values were calculated 

using inactive tracer yields from previous ICP results. 

Dissolution was the first stage of the method and the following table shows the 

gamma spectrometry analysis of swab sample 1 solution at this stage. 

Table 66 Activity detected for Swab 1 dissolution 

Sample lu"mAg "UCo 

Activity detected (Bq g'l) lA 6.77 1.5 x 103 

18 6.64 1.5 x 103 

20 uncertainty (Bq g.l) lA ± 1.88 ±247 

18 ± 1.64 ±260 

A large amount of 60 Co and a relatively small amount of 108mAg were detected in both 

samples of swab I. These results show that> 6 Bq g.1 of 108m Ag was detected in 220 

times the amount of 60 Co activity. However the detected 108mAg activity was close to 

the minimum detectable amount and therefore the actual amount of 108mAg present 

maybe partially swamped by the 60CO Compton edge scattering. 
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Table 67 Activity detected for Swab 1 solutions after lanthanide resin 

Sample Ju.mAg .uCo 

Activity detected (Bq gO') lA 9.08 1.3 x 103 

1B 6.51 1.4 x 103 

20 uncertainty (Bq gO') lA ±2.92 ±216 

1B ± 1.85 ±233 

Corrected activity (Bq gO') lA 9.08 1.5 x 103 

1B 6.64 1.5 x 103 

A higher amount of 108m Ag activity was detected at this stage of the method for 

sample I A compared to the dissolution stage suggesting that the initial 108m Ag gamma 

emission peak was partially swamped by 60CO and that the actual 108m Ag activity of 

the sample was higher than the amount initially detected. A 100% yield of Ag was 

observed in ICP results at this stage of the method. The measured activity of9.08 Bq 

g.t was therefore used as the initial amount of 108m Ag present in the sample for the 

corrected activity calculations that foHow for swab sample lA. The activity values 

corrected for the inactive tracer yields for swab sample IB were obtained by 

calculating the percentage of initial activity at the dissolution stage using the inactive 

tracer recoveries of Ag and Co that passed through the lanthanide resin (shown in 

table 43, section 3.10.2.1, chapter 3). The results for this sample show that the same 

amount of 108m Ag activity was detected at this stage as in the dissolution stage. 

However because the t08mAg activity was close in value to the minimum detectable 

amount, the 108mAg activity was still partially swamped by the 60Co Compton edge 

scattering. The theory of swamping was strengthened by the higher activity result 

measured at this stage of the method for swab sample lA. The detection limits for 

t08mAg at the later Ag separation stage were shown to be lower than the detection 

limits at this stage of the method and therefore the initial 108m Ag activity in swab 

sample I was determined from those results using inactive tracer recoveries. 

The lanthanide resin was analysed as a slurry. 
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Table 68 Activity detected for Swab 1 on the lanthanide resin 

Sample lu"mAg "UCo 

Activity detected (Bq g-l) lA <0_08 1-71 

1B <0.09 1-65 

20 uncertainty (Bq g-l) lA ........ ± 0.36 

IB ---- ±0.31 

Corrected activity (Bq g-l) lA 0 0 

1B 0 0 

Only a relatively small amount of 60 Co activity was detected on the resin « 1% of the 

initial detected activity). The corrected activity for both 108m Ag and 60Co was zero 

because Ag and Co tracer elements were not retained by the lanthanide resin 

(calculated using the yield of tracer elements measured in solution after the solution 

was passed through the resin, shown in table 43, section 3.10.2.1, chapter 3). 

The peak library that was used to measure the radioactive samples did not include 

166mHo. Therefore it was not possible to confirm whether or not there was any 166mHo 

in this sample. However between 52 and 72% of inactive Ho was retained by the 

resin. This result suggests that if there were any 166mHo present in the sample, it would 

have also been retained on the lanthanide resin and removed from > 99% of the 

interfering 60Co radioisotope. 

Any 94Nb that was present in the swab sample was expected to be detected by gamma 

spectrometry analysis of the solutions after they were passed through the cation 

exchange resin. 
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Table 69 Activity detected for Swab 1 solutions after cation exchange resin 

Sample lU.mAg ·"Co 

Activity detected (Bq g") lA <2.22 51 

1B <LSO 33 

20- uncertainty (Bq gO') lA ---- ±9.62 

1B ---- ± 6.59 

Corrected activity (Bq g") lA LOO 60 

1B 0.66 31 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields (shown in table 44, section 

3.10.2.1, chapter 3). In sample lA however, the I08mAg activity was corrected using 

the higher activity value (thought to be the initial I08mAg activity for this sample) 

measured in solution after the lanthanide resin. The corrected \08m Ag activity for both 

samples of swab 1 were very Iow relative to the initial \08m Ag activity detected 

therefore it was expected that I08m Ag would be measured as a less than value because 

the amount of activity present was lower than the minimum detectable amount of 

I08mAg at this stage of the method. The 60Co corrected activity was very close in value 

to the detected activity suggesting that this radioisotope was behaving similarly to 

inactive Co. A value of < 0.22 Bq of9"NJ, was also measured indicating that 9"NJ, was 

present in the sample but was not quantitatively measured because the activity was 

lower than the minimum detectable amount for this radioisotope. Between 94 and 

95% of inactive Nb was detected at this stage of the method and > 95% of the 

interfering 60Co radioisotope was removed from solution by the cation exchange resin 

therefore these results suggest that there was no detectable amount of 9"Nb in this 

swab sample. 
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Table 70 Activity detected for Swab 1 NaN02 eluates 

Sample luomAg "UCo 

Activity detected (Bq gO') lA 4.76 128 

1B 4.19 145 

2cr uncertainty (Bq gO') lA ± 1.09 ±21 

1B ±0.98 ±24 

Corrected activity (Bq gO') lA 5.27 105 

1B 3.25 109 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields (shown in table 45, section 

3.10.2.1, chapter 3). In sample lA however, the !08mAg activity was corrected using 

the higher activity value (thought to be the initial !08mAg activity for this sample) 

measured in solution after the lanthanide resin. The 60CO interference was greatly 

reduced at this stage of the method allowing 52% of the initial !08m Ag activity in 

sample lA to be detected which was very close in value to the corrected !08m Ag 

activity. Therefore the results for sample I A show successful separation of 52% 

!08mAg from> 90% 60Co. The detection limits were improved at this stage of the 

method compared to the earlier stages because of the reduction in 6OCO interference. 

This result also supports the previous result which suggested that the initial !08m Ag 

activity was partially swamped by the interference and that 9.08 Bq gO! was the initial 

amount of !08m Ag activity in this sample. The corrected activity for !08mAg for sample 

1B was lower than the detected activity suggesting that the initial !08m Ag activity in 

this sample was swamped by 6OCO interference and was actually higher than 6.64 Bq 

gO!. The improved detection limits at this stage together with the knowledge that 52% 

of !08m Ag activity was detected in swab lA strengthen the theory of signal swamping. 

Therefore it initially appears that 63% !08m Ag was separated, however by using the 

tracer yield results and observing the !08m Ag behaviour from the previous sample, the 

unexpectedly high !08m Ag separation was explained. Using the tracer yield value of 

49% for Ag and assuming that !08m Ag behaves similarly, the initial !08m Ag activity 

was calculated to be 8.55 Bq gO! for sample IB (4.19 Bq gO! was assumed to be 49% 

of the initial activity). 
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Table 71 Activity detected for Swab 1 on the cation exchange resin 

Sample lu.mAg "UCo 

Activity detected (8q gO!) lA 1.20 990 

18 1.74 1.2 x 103 

20 uncertainty (8q go!) lA ±0_66 ± 162 

18 ±0.56 ± 192 

Corrected activity (8q go!) lA 2_82 1.3 x 103 

18 2_72 lA x 103 

The corrected activity values were calculated from the initial activity using inactive 

tracer element yields (the amount of each tracer remaining adsorbed to the cation 

resin were calculated from the recoveries in solution shown in tables 44 and 45, 

section 3.10_2_1, chapter 3)_ < 20% of the initial detected !08mAg activity was detected 

on the cation exchange resin indicating that the remaining !08m Ag that was not eluted 

remained adsorbed to the resin_ However it was not possible to quantitatively measure 

(08m Ag on the resin because of the large excess of 60CO also adsorbed to the resin_ 

Successful separation of !08m Ag from 60Co was observed for swab sample 1, however 

the initial amount of !08m Ag activity detected at the dissolution stages were close in 

value to the minimum detectable amount for the !08m Ag radionuclide_ This was 

confinned by calculating the initial amount of (08m Ag using the activity detected in the 

NaN02 eluate and the tracer element yield_ Lower detection limits were observed in 

the NaN02 eluates than at the dissolution stages and therefore lower (08mAg activity 

was detected because of the reduction in 60Co interference_ 

The gamma spectrometry analysis of duplicate samples of swab sample 2 at each 

stage of the method is shown in the following tables_ 
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Table 72 Activity detected for Swab 2 dissolution 

Sample l".mAg ""Co 

Activity detected (Bq gO') 2A 2339 5.2 x 103 

2B 19.95 5.4 x 103 
. 

20 uncertainty (Bq g-') 2A ±0.66 ±860 

2B ± 6.19 ±887 

There was approximately two thirds more I08mAg detected in swab 2 than in swab L 

However the ratio of I08m Ag to 60CO remained the same as in swab 1 which meant that 

signal swamping may still be a problem and the detected values were close to the 

minimum detectable amount of I08m Ag. 

Table 73 Activity detected for Swab 2 solutions after lanthanide resin 

Sample ... mAg ""Co 

Activity detected (Bq gO') 2A 23.92 4.5 x 103 

2B < 11.25 4.7x 103 

20 uncertainty (Bq gO') 2A ±6.49 ±735 

2B ---- ±771 

Corrected activity (Bq gO') 2A 23.16 5.1 x 103 

2B 4.59 5.4 x 103 

The activity values were corrected by calculating the percentage of initial activity 

from the dissolution stage using the inactive tracer recoveries of Ag and Co that 

passed through the lanthanide resin (shown in table 47, section 3.10.2.1, chapter 3). 

The results show that the same amount of 108m Ag activity was detected at this stage as 

at the dissolution stage for swab sample 2A. Therefore all of the detected 108m Ag for 

this sample was shown to have passed through the resin and was behaving the same as 

the inactive tracer element. However for an unknown reason only 23% Ag was 

detected in solution after the lanthanide resin for swab sample 2B (shown in table 47, 

section 3.10.2.1, chapter 3) and a less than value was detected for 108mAg. The results 

show no significant reduction in 60CO which suggests there was no loss of solution to 
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cause this strange result. A detector problem was also eliminated because of the loss 

of inactive Ag observed by ICP-AES at this stage with no loss of inactive Co. 

The lanthanide resin was analysed as a slurry. 

Table 74 Activity detected for Swab 2 on lanthanide resin 

Sample lU"mAg ·"Co 

Activity detected (Bq g.') 2A <0.19 4.86 

2B 3.34 8.49 

20 uncertainty (Bq g.l) 2A ---- ±0.85 

2B ±0.76 ± 1.48 

Corrected activity (Bq g.l) 2A 0 0 

2B 0 0 

Only a relatively small amount of 60CO activity was detected on the resin for both 

samples « 1% of the initial activity detected). For sample 2B, 17% of the 108m Ag 

activity that was expected to be detected in the solution after the lanthanide resin was 

detected on the lanthanide resin. Ag was not expected to be retained by the lanthanide 

resin and this result is the opposite to other radioactive samples, therefore this was a 

freak experimental error at this stage of the method for sample 2B. The remaining 

108m Ag that was detected at the dissolution stage of the method was not observed in 

either the resin slurry or the solution after it was passed through the lanthanide resin. 

The peak library that was used to measure the radioactive samples did not include 

166mHo. Therefore it was not possible to confirm whether or not there was any 166mHo 

in this sample. However 100% of inactive Ho was retained by the resin. This result 

suggests that if there were any 166mHo present in the sample, it would have also been 

retained on the lanthanide resin and removed from > 99% of the interfering 60Co 

radioisotope. 
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Any 94Nb that was present in the swab sample was expected to be detected by gamma 

spectrometry analysis of the solutions after they were passed through the cation 

exchange resin. 

Table 75 Activity detected for Swab 2 solutions after cation exchange resin 

Sample lu.mAg ouCo 

Activity detected (8q g.l) 2A 6.33 211 

28 3.58 155 

20 uncertainty (8q g.l) 2A ± 1.92 ±37 

28 ± 1.03 ±26 

Corrected activity (8q g.l) 2A 4.21 209 

28 3.39 162 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields in solution after they had 

passed through the cation exchange resin (shown in table 48, section 3.10.2.1, chapter 

3). The initial 108m Ag activity in swab sample 2 was much higher than in swab sample 

1 and therefore the small amount of l08m Ag activity that passed through the resin was 

detected. The corrected activity values were shown to be similar to the detected 

activity indicating that only a small amount of each isotope passed through the resin 

as expected despite previous results showing that 108m Ag was not present in solution 

for sample 28. The results for sample 28 together with ICP results suggest that Ag 

and 108mAg were present in the sample but were for an unknown reason not detected. 

A value of < 0.24 8q of9~ was also detected in solution at this stage indicating that 

9~ was present in the sample but was not quantitatively measured because the 

activity was lower than the minimum detectable amount for this radioisotope. 

8etween 89 and 93% of inactive Nb was detected at this stage of the method and > 

95% of the interfering 60CO radioisotope was removed from solution by the cation 

exchange resin. Therefore these results suggest that there was no detectable amount of 

9~ in this swab sample. 
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Table 76 Activity detected for Swab 2 NaN02 eluates 

Sample ,u.mAg "UCo 

Activity detected (Bq gO') 2A 11.92 460 

2B 5_02 500 

20 uncertainty (Bq gO') 2A ±2_68 ±76 

2B ± 1.24 ±82 

Corrected activity (Bq gO') 2A 8.42 314 

2B 7J8 378 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields in the NaN02 eluate (shown 

in table 49, section 3J02_1, chapter 3)_ These results show that 51% of the initial 

detected !08m Ag activity was measured after the removal of > 90% 60Co for sample 

2A_ The corrected I08m Ag activity appears lower than the detected activity for sample 

2A, however this is explained by uncertainty in the ICP-AES detection of inactive Ag 

tracer. !08m Ag detection in sample 2B was measured as only 25% of the initial 

detected !08m Ag activity and was not expected to be a successful separation because of 

the unexplainable loss of !08m Ag in solution after the lanthanide resin. 

Table 77 Activity detected for Swab 2 on the cation exchange resin 

Sample ,u.mAg "UCo 

Activity detected (Bq gO') 2A 5.53 3.9x 103 

2B 3J5 4.2 x 103 

20 uncertainty (Bq g -I) 2A ± 1.32 ±644 

2B ± 1.10 ±676 

Corrected activity (Bq g_l) 2A 10.76 4.2 x 103 

2B 9.38 4.8 x 103 

The corrected activity values were calculated from the detected activity at the 

dissolution stage using inactive tracer element yields (the amount of each tracer 

remaining adsorbed to the cation resin were calculated from the recoveries in solution, 
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shown in tables 48 and 49, section 3.1 0.2.1, chapter 3). It was not possible to 

quantitatively measure 108m Ag on the resin because of the large excess of 60Co also 

adsorbed to the resin. 

The behaviour of the analytes in swab sample 2B followed the same pattern as in 

swab sample 2A despite Ag not being detected at certain stages where it was known 

to be present and despite the separation of 108m Ag being unsuccessful. 

3.11.3 MDA calculations 

The minimum detectable amount of I08m Ag in samples containing various 

concentrations of 60Co activity was calculated using an equation based on Currie's 

equation: 

MDA (Bq dm-~ = 

Equation 15[140] 

K = volume correction factor (1000), No = Number of counts in background count 

time (counts), t = sample count time (s), Ec = counting efficiency, Vs = volume of 

sample (cm\ D = decay factor shown in equation 16. 

D = exp-[(In2! tll2) x tJ Equation 16 

The MDA values were calculated by the vision 1 gamma spectrometry software were 

multiplied by a factor of three and plotted against 60Co activity detected in each of the 

dissolution samples. The MDA values were multiplied by a factor of three to account 

for the 60Co Compton edge interference therefore producing a graph of estimated 

MDA values that would be detected above the level of interference at the region of 

interest. A factor of3 was chosen based on equation 17. 

MDA ",3-va Equation 17 
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Figure 29 I08m Ag MDA in dissolution samples 
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Figure 29 helps to understand why the 108m Ag activity in some of the radioactive 

dissolution samples was partially swamped by 60CO interference. The initial amount of 

!08m Ag was close to the minimum detectable amount in each sample because the ratio 

of 108mAg and 60Co remained the same even when the concentration of !08mAg was 

relatively high. For example the initial amount of !08m Ag activity in swab sample 1 

was 9 Bq gO! which was detected in the presence of 1300 Bq gO! 60CO. However only 

6.7 Bq gO! of 108mAg was detected initially because the presence of 60Co was higher 

(1400 Bq go!). This increase in 60CO interference resulted in the detected value being 

closer to the minimum detectable amount and therefore appeared lower than the actual 

value because of the interference. 

Lower detection limits were obtained in the NaN02 eluates of the radioactive samples 

from which the 108m Ag yield was used to calculate the initial concentration of 108m Ag 

in the samples. 
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Figure 30 I08m Ag MDA in NaN02 eluates 
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The 60CO concentration was reduced to such a low level at this separation stage that 

the minimum detectable amount of t08mAg was as low as 0.6 Bq g,t. 

3.11.4 Gamma spectrometry analysis of filter samples 

Tables 78 to 79 show the specific activity detected, uncertainty values for that activity 

and corrected activity values calculated from the initial activity measurements using 

the ICP inactive tracer yields at each stage of the method for the filter samples (shown 

as Bq per gram of sample). 

Activity values for the solutions at each stage of the method are shown as the total 

activity calculated by multiplying the measured activity in the 100 cm3 beakers by 

relevant factors relating to the total volume of solution of that particular stage. These 

calculations account for the volume taken for ICP analysis. Where the activity values 

are quoted as less than values, the activity was below the instruments minimum 

detectable amount for that radioisotope. 

Dissolution was the first stage of the method and the following table shows the 

ganuna spectrometry analysis of filter sample 1 at this stage of the method. 
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Table 78 Activity detected for Filter 1 dissolution 

Sample lu.mAg "UCo 

Activity detected (Bq gO') lA 1.86 430 

1B 1-53 338 

20 uncertainty (Bq gO') lA ±050 ±69 

1B ±0.42 ±57 

The activity values detected for this filter sample were much less than those detected 

in the swab samples. The results show that between 1.53 and 1.86 Bq gol of 10SmAg 

was detected in > 230 times the amount of 60 Co activity. Therefore the ratio of 60 Co to 

10Sm Ag activity remained the same and the MDA graphs shown in the previous section 

also apply to the filter samples. 

Table 79 Activity detected for Filter 1 solutions after lanthanide resin 

Sample lu.mAg "UCo 

Activity detected (Bq gO') lA < 11.38 436 

1B < 0.31 602 

20 uncertainty (Bq gO') lA ---- ±77 

1B ---- ±99 

Corrected activity (Bq gO') lA 1.86 430 

1B 1.51 338 

The activity values corrected for the inactive tracer yields were obtained by 

calculating the percentage of initial activity at the dissolution stage using the inactive 

tracer element yields of Ag and Co that passed through the lanthanide resin (shown in 

table 51, section 3.10.2.2, chapter 3). The results show that IOsmAg was below the 

minimum detectable amount for both samples and was therefore measured as less than 

values. The detected activity for 60CO in filter sample 1B was slightly higher than the 

amount detected at the dissolution stage and this value was therefore used as the 

initial amount of 60Co in this sample. The 60CO activity varied slightly because of the 

relatively high uncertainty values measured for this radioisotope. 

137 



The lanthanide resin was analysed as a slurry. 

Table 80 Activity detected for Filter 1 on the lanthanide resin 

Sample 1U8mAg bUCo 

Activity detected (Bq g") lA <0.09 0.72 

1B < 0.10 1.04 

20" uncertainty (Bq g") lA .. --- ±0.19 

1B ---- ±0.26 

Corrected activity (Bq g") lA 0 0 

1B 0 0 

Only a relatively small amount of 60Co activity was detected on the resin for both 

samples « 1 % of the initial activity detected). The corrected activity for both !08m Ag 

and 60Co was zero because there was no inactive Ag or Co tracer elements retained by 

the lanthanide resin (calculated using the yield of tracer elements found in solution 

after it was passed through the resin, shown in table 51, section 3.10.2.2, chapter 3). 

The peak library that was used to measure the radioactive samples did not include 

166mHo. Therefore it was not possible to confinn whether or not there was any 166mHo 

in this sample. However 100% of inactive Ho was retained by the resin. This result 

suggests that if there were any 166mHo present in the sample, it would have also been 

retained on the lanthanide resin and removed from > 99% of the interfering 60Co 

radioisotope. 

Any 9"Nb that was present was expected to be detected by gamma spectrometry 

analysis of the solutions after they were passed through the cation exchange resin. 
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Table 81 Activity detected for Filter 1 solutions after cation exchange resin 

Sample lu.mAg .uCo 

Activity detected (Bq g or) lA <2.74 21 

1B < 0.14 23 

2a uncertainty (Bq g ~ lA ---- ±9.21 

IB ---- ±7 

Corrected activity (Bq g or) lA 0.39 17 

1B 0.31 24 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields after the solution had passed 

through the cation exchange resin (shown in table 52, section 3.10.2.2, chapter 3). The 

corrected !08m Ag activity was very low relative to the initial I08m Ag activity detected 

at the dissolution stage. Therefore it was expected that I08m Ag would be detected as a 

less than value because the amount of activity present was much lower than the 

minimum detectable amount. The 60Co corrected activity was very close in value to 

the actual detected activity suggesting that this radioisotope was behaving similarly to 

inactive Co. A value of < 0.21 Bq of9"NJ, was also detected in solution indicating that 

9"NJ, was present in the sample but was not quantitatively measured because the 

activity was lower than the minimum detectable amount for this radioisotope. > 60% 

of inactive Nb was detected at this stage of the method and > 95% of the interfering 

60Co radioisotope was removed from solution by the cation exchange resin therefore 

these results suggest that there was no detectable amount of 9"Nb in this filter sample. 
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Table 82 Activity detected for Filter 1 NaN02 eluates 

Sample , 08mAg 6OCo 

Activity detected (Bq gol) lA 1.09 37 

lB 1-39 51 

20 uncertainty (Bq gol) lA ± 0.35 ± 6.32 

lB ±0.43 ± 8081 

Corrected activity (Bq gO') lA 0.87 34 

lB 1.22 84 

The corrected activity values were calculated from the initial activity at the 

dissolution stage using the inactive tracer element yields in the NaN02 eluates (shown 

in table 53, section 3.10.2.2, chapter 3). These results show that 59% l08mAg was 

separated from 60Co in filter sample lA. However by using the tracer element yield at 

this stage of the method to correct the activity it was shown that a lower 108m Ag 

activity would have expected to have been detected. Therefore from these results it 

was determined that 108m Ag was partially swamped by 60CO at the dissolution stage of 

the method. By taking 1.09 Bq gol of J08mAg detected as being the same percentage 

yield of Ag tracer (47%), the initial amount of I08mAg present in the filter sample was 

calculated to be 2.32 Hq gol in sample lA. The results for sample lB were similar. If 

the initial amount detected for this sample was the total amount present in the sample 

then 91 % I08mAg activity was separated. It was however more probable that the initial 

activity was swamped by the 6OCo interference. This theory was strengthened by the 

low corrected activity result and the knowledge that the initial activity in sample lA 

was also swamped by 60CO interference. Therefore the initial activity was predicted to 

be approximately 3.09 Bq gol for sample 1H by assuming that 1.39 Hq gol detected at 

this stage was 45% of the initial amount of I08m Ag activity (45% was the inactive 

tracer yield at this stage of the method). 
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Table 83 Activity detected for Filter 1 on the cation exchange resin 

Sample lUomAg ""Co 

Activity detected (8q g") lA 1.03 353 

18 <0.57 437 

2a uncertainty (8q g") lA ± 0.39 ±57 

18 ---- ±70 

Corrected activity (8q g") lA 0.59 349 

18 0 494 

The corrected activity values were calculated from the initial detected activity at the 

dissolution stage using inactive tracer element yields (the amounts of each tracer 

remaining adsorbed to the resin were calculated from the recoveries in solution, 

shown in tables 52 and 53, section 3.10.2.2, chapter 3). It was not possible to 

quantitatively measure the remaining I08m Ag on the cation exchange resin for either 

sample even though a small amount of 108m Ag was detected for sample lA. This was 

because of the large excess of 60eo interference also adsorbed to the resin. 

The activity analysis for filter sample 1 showed that the minimum detectable amount 

of 108m Ag in the NaN02 eluate was lower than in the initial filter sample and therefore 

the detection limits were improved. The results at that stage of the method determined 

the true initial I08m Ag activity present which was partially swamped by the large 

excess of 6oCo interference using ICP tracer yields. 

The following tables show activity results for filter sample 2 at each stage of the 

method beginning with the dissolution stage. 
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Table 84 Activity detected for Filter 2 dissolution 

Sample ,u.mAg "UCo 

Activity detected (Bq gO') 2A 0_94 250 

2B <0_05 232 

20 uncertainty (Bq gO') 2A ±0_5 ±40 

2B ---- ±38 

The IOSm Ag activity detected in sample 2A was less than that of filter 1 and was 

measured at a value lower than the minimum detectable amount in sample 28. 

Table 85 Activity detected for Filter 2 solutions after lanthanide resin 

Sample lU.mAg ··Co 

Activity detected (Bq gO') 2A <2_53 215 

2B <0.24 195 

20 uncertainty (Bq gO') 2A ---- ±36 

2B ---- ±33 

Corrected activity (Bq gO') 2A 0_91 246 

2B 0 223 

The activity values corrected for the inactive tracer yields were obtained by 

calculating the percentage of initial activity at the dissolution stage using the inactive 

tracer recoveries of Ag and Co that passed through the lanthanide resin (shown in 

table 55, section 3_10.2.2, chapter 3)_ Similar results to filter sample 1 were observed 

and no IOSm Ag activity was detected_ 

The lanthanide resin was analysed as a slurry_ 
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Table 86 Activity detected for Filter 2 on lanthanide resin 

Sample ,u.mAg "·Co 

Activity detected (Bq g") 2A <0.05 2.26 

2B <0.09 Ul 

20 uncertainty (Bq g") 2A ---- ±OAO 

2B ---- ±OJ3 

Corrected activity (Bq g") 2A 0 0 

2B 0 0 

Only a relatively small amount of 60Co activity was detected on the resin « 1 % of the 

initial activity detected) and less than values were recorded for !08m Ag as expected. 

The corrected activity for both !08m Ag and 60Co was zero because there were no tracer 

elements retained by the lanthanide resin (calculated from the yield of tracer elements 

found in solution after it was passed through the resin, shown in table 55, section 

3-10.2.2, chapter 3). 

The peak library that was used to measure the radioactive samples did not include 

166mHo. Therefore it was not possible to confirm whether or not there was any 166mHo 

in this sample. However 100% of inactive Ho was retained by the resin. This result 

suggests that if there were any 166mHo present in the sample, it would have also been 

retained on the lanthanide resin and removed from > 99% of the interfering 60Co 

radioisotope. 

Any 9~ that was present in the filter sample was expected to be detected by gamma 

spectrometry analysis of the solutions after they were passed through the cation 

exchange resin. 
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TableS7 Activity detected for Filter 2 solutions after cation exchange resin 

Sample lUomAg ""Co 

Activity detected (Bq gO') 2A <024 18 

2B < 0.14 10 

20 uncertainty (Bq gOl) 2A ---- ±3.93 

2B ---- ±2.70 

Corrected activity (Bq gO') 2A 0.14 15 

2B 0 9 

The corrected activity value of I08mAg and 60CO for sample 2A were calculated as a 

percentage relative to the dissolution stage using the inactive tracer yields detected 

after the solution had passed through the cation exchange resin (shown in table 56, 

section 3.1 0.2.2, chapter 3). The corrected activity values for sample 2B were also 

calculated from the initial activity at the dissolution stage using the inactive tracer 

element yields detected after the solution had passed through the cation exchange 

resin (shown in table 56, section 3.10.2.2, chapter 3). The corrected !08mAg activity 

was very low relative to the initial !08m Ag activity detected therefore it was expected 

that !08m Ag would be detected as a less than value because the amount of activity 

present was lower than the minimum detectable amount. A value of < 0.13 Bq of 9"Nb 
was also detected in solution indicating that 9"Nb was present in the sample but was 

not quantitatively measured because the activity was lower than the minimum 

detectable amount for this radioisotope. Between 89 and 91% of inactive Nb was 

detected at this stage of the method and > 95% of the interfering 60CO radioisotope 

was removed from solution by the cation exchange resin. Therefore these results 

suggest that there was no detectable amount of 9"Nb in this filter sample. 
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Table 88 Activity detected for Filter 2 NaNO! eluates 

Sample ,u8mAg .uCo 

Activity detected (Bq g"') 2A <0.27 21 

2B <0.29 19 

2cr uncertainty (Bq g"') 2A ---- ±3.51 

2B ---- ±3.23 

Corrected activity (Bq g"') 2A 0.37 19 

2B 0 25 

!08m Ag activity was not detected at this stage of the method and the separation of 

I08m Ag from 60Co was not observed for this filter sample. The initial !08m Ag activity 

was lower than 1 Bq g"l and therefore the amount separated at this stage ofthe method 

was predicted to be < 0.6 Bq g"l which was too low for detection despite most of the 

60CO having been removed. 

Table 89 Activity detected for Filter 2 on the cation exchange resin 

Sample lUomAg ··Co 

Activity detected (Bq g"') 2A <0.24 155 

2B < 0.45 139 

2cr uncertainty (Bq g"') 2A ---- ±25 

2B ---- ±22 

Corrected activity (Bq g"') 2A 0.42 217 

2B 0 197 

The measurement of I08mAg at this stage of the method in samples containing much 

higher initial amounts of I08m Ag activity have shown no detection of I08m Ag therefore 

it was not surprising that I08m Ag was not detected in these samples containing a much 

lower initial I08m Ag activity. 

Filter sample 2 contained !08m Ag activity at such low concentrations that the Ag 

separation stage did not determine the initial !08m Ag activity. 
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3.12 Steel sample analysis 

The following sections show the results of dissolution and separation methods 

perfonned on four common types of steel found in Decommissioning Waste. 

3.12.1 Stainless steel dissolution 

Table 90 shows the ICP-AES results for a stainless steel dissolution sample dissolved 

in HCII HN031 HF. 

Table 90 Stainless steel control sample 

Ag Co Ho Nb 

Cone. (mg dm·3) 0.12 1.91 0.03 0.21 

This stainless steel control sample shows that small amounts of Ag, Co and Nb were 

present in the steel. 

Table 91 shows the ICP-AES results for two doped stainless steel sample dissolutions 

using only HN031 HF. 

Table 91 Doped stainless steel samples 

Experiment Ag(mgdm') Co (mgdm") Ho (mgdm") Nb (mgdm") 

1 0.01 0.00 0.00 0.51 

2 0.00 0.00 0.00 om 

The maximum concentration of each element after dissolution assuming that each 

element was successfully transferred from the stainless steel samples to solution was 2 

mg dm·3• Not all of the steel sample dissolved because HCI was not added and 

therefore the samples were heated for a longer time to obtain a more complete 

dissolution. It was not possible to fully dissolve the stainless steel samples without 

HC!. The results of the dissolved steel solutions show that the analytes were not 
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detected after dissolution. Fe and Cr are known to interfere with analyte detection on 

ICP-AES and many peaks were observed in the spectra. Only 25% of the initial 

amount of Nb added was detected in one of the samples. Therefore the transfer of 

analytes to solution in doped stainless steel samples was unsuccessful. 

The following section gives the results of the investigation into the separation of Nb 

from Co in the dissolved steel samples. 

3.12.2 Separation of Nb from Co in stainless steel 

Table 92 shows ICP-AES results of the two previous sample solutions after they were 

passed through cation exchange resin to remove the cationic interferences. 

Table 92 Solutions after cation exchange resins 

Experiment Ag (mg dm'"') Co(mg dm") Ho (mg dm'"') Nb (mgdm") 

I 0.03 0.42 0.03 2.20 

2 0.07 0.32 0,02 2.15 

The maximum concentration of each element in solution assuming that each element 

passed through the resin and remained in solution was 2 mg dm'3. The results show 

that Nb passed through the resin as expected. The detected concentration for Nb was 

slightly higher than the concentration added because the control experiment showed 

that 0.2 mg dm'3 Nb was already present in the steel before any Nb was added. 

Therefore the HF used in the dissolution process promoted the anionic Nb fluoro 

complex that formed in previous tacky swab experiments. Although Nb was separated 

from most of the initial concentration of Co that was added, between 15 and 20% of 

Co passed through the resin. Therefore the resin removed most but not 100% of the 

cationic interferences. 

NaN02 was used to elute the cation exchange resins in an attempt to separate Ag from 

Co. 
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3.12.3 Separation of Ag from Co in stainless steel 

The ICP-AES results of the NaN02 eluates that were passed through the cation 

exchange resins of the last two experiments are shown in table 93. 

Table 93 NaN02 eluates for stainless steel 

Experiment Ag (mg dm") Co (mgdm") Ho (mgdm-') Nb (mgdm-') 

1 0.04 1.60 0.03 0.05 

2 0.15 1.53 0.01 0.05 

The maximum concentration of each element in solution assuming that each element 

was eluted from the resin was 2 mg dm-3• The results show that NaN02 was not 

successful at removing Ag from the resin like it was in the tacky swab samples. 

Instead NaN02 favoured complexation with Co, and the remaining Co that did not 

pass straight through the resin was detected in the eluates. Therefore a separation of 

Ag from Co was achieved. However Ag remained on the resin with excess Fe3
+ and it 

was not possible to confirm that the Ag that was added was successfully transferred to 

solution in the dissolution stage due to the interference when the samples were 

measured after dissolution. Some Co may also remain adsorbed to the resin because 

Co was found to be present in the stainless steel control sample. Therefore it cannot 

be concluded that Ag was completely separated from Co because the results were not 

quantitative. The change in behaviour of the eluant towards the analytes in steel 

samples compared to swab samples was explained by the non-selective adsorption 

characteristics of the cation exchange resin complicating Ag desorption because of 

the high loading of metal cations[121]. 

It was not possible to detect the analytes after the dissolution of stainless steel samples 

because of the large amount of interference from elements such as Fe and Cr. The 

samples were very difficult to dissolve because of the high chromium and titanium 

content. Nb was however separated from Co in the stainless steel samples by using a 

cation exchange resin and a separation of Ag from Co was observed in the NaN02 
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eluate from the detection of Co in solution however these results were not quantitative 

because of the unsuccessful detection of Ag and Co in the partially dissolved samples. 

The following section focuses on the analysis of mild steel which was found to be 

much simpler to dissolve than stainless steel. 

3.12.4 Mild steel dissolution 

Table 94 shows ICP-AES results of two mild steel control dissolution samples. 

Table 94 Mild steel control samples 

Control sample Ag(mgdm-') Co (mgdm .... ) Ho (mgdm-') Nb (mgdm-') 

1 0.05 0.92 0.04 0.06 

2 0.04 0.76 0.08 0.05 

Between 0.76 and 0.92 mg dm-3 Co was detected in the mild steel samples. 

Table 95 shows ICP-AES results of two doped mild steel dissolution samples. 

Table 95 Doped mild steel samples 

Doped sample Ag(mgdm-') Co (mg dm .... ) Ho (mgdm-') Nb (mg dm-') 

1 1.71 3.83 1.96 1.86 

2 1.65 2.67 1.50 1.54 

The maximum concentration of each element in solution assuming that each element 

was successfully transferred from the mild steel to solution was 2 mg dm-3• The 

results show that> 75% of each analyte were successfully transferred to solution. 

Between 0.6 and 1.8 mg dm-3 excess Co was also detected which was previously 

found in the mild steel. Therefore the amount of Co initially present in the mild steel 

samples varies slightly. 
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The successful cation exchange resin method of separating Nb from stainless steel 

was performed on mild steel samples and the results are shown below. 

3.12.5 Separation of Nb from Co in mild steel 

Table 96 shows ICP-AES results of four dissolved doped mild steel samples after they 

were passed through cation exchange resin. 

Table 96 Separation of Nb from Co in mild steel samples 

Experiment Ag(mgdmcr) Co(mgdm~ Ho (mgdm··) Nb (mgdm··) 

1 0.33 0.02 0.01 0.76 

2 0.12 0.02 0.D1 0.67 

3 0.21 0.09 0.00 1.25 

4 0.09 0.09 0.00 0.76 

The maximum concentration of each element in solution assuming that each element 

passed through the resin and remained in solution was 1 mg dm·3• The results show 

that> 67% Nb passed through the resin for each sample. A small amount of Ag also 

passed through the resin. Co however was not detected in solution and therefore 

remained adsorbed to the resin. All of the cationic interferences were removed by the 

larger amount of resin used. 

Table 97 shows ICP-AES results for two further mild steel dissolution samples after 

they were passed through cation exchange resin following the addition of2 cm3 and 3 

cm3 concentrated HP respectively. 

Table 97 Affect on retention of analytes with increased HF concentration 

Sample Ag(mgdm'1 Co(mgdm~ Ho(mgdm'~ Nb(mgdm'~ 

1 0.33 0.97 0.41 2.10 

2 0.92 0.77 0.37 1.78 
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The maximum concentration of each element in solution assuming that each element 

passed through the resin and remained in solution was 2 mg dm-3
_ The results show 

that Nb completely passed through the resin as expected_ A higher concentration of 

Ag also passed through the resin and the increased HF concentration was therefore 

successful at eluting a higher concentration of Ag from the resin_ However the 

increased HF concentration eluted 50% of the initial added concentration of Co and a 

small amount of Ho_ The experiments were not successful at separating both Nb and 

Ag from Co in one step_ 

The results of an experiment using a safer alternative reagent than HP are shown in 

the following section. 

3.12.5.1 Separation of Nb from Co using NaF 

Table 98 shows ICP-AES results for two doped mild steel dissolutions after the 

addition of NaP followed by passage through cation exchange resin. 

Table 98 NaF experiments 

Sample Ag (mg dm-,) Co(mg dm-') Ho (mgdm-3) Nb (mg dm-,,) 

I 0.04 0.18 0.12 1.50 

2 0.26 0.33 0.03 1.79 

The maximum concentration of each element in solution assuming that each element 

passed through the resin and remained in solution was 2 mg dm-3
• The successful 

separation of Nb from Co was observed using NaP as a substitute for HF. Therefore 

an alternative reagent to HF was found to be successful that was safer to handle. 

3.12.6 Separation of Ag from Co in mild steel 

The following sections show the results of various methods performed on mild steel 

samples to separate Ag from Co. 
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3.12.6.1 Attempted separation using co-precipitation on Pd 

The formation of a black solution when Ag was attempted to be co-precipitated with 

Pd suggests that the ascorbic acid was reducing the Pd. However the solution was 

observed to turn colourless after a few minutes indicating that Pd was oxidised back 

to Pd2+. Nitric acid is known to be a strong oxidising agent and it was stated in the 

original method that HN03 impedes the reduction reaction[129]. This together with 

the observations confirmed that the reduction of Pd was unsuccessful in this 

experiment. 

The observations for experiments performed using steps to overcome the oxidation of 

Pd are discussed below. 

3.12.6.1.1 Steel doped with Ag and dissolved with lower HNOJ concentration 

The yield of Pd precipitate by ascorbic acid decreases with an increase in HN03 

concentration[141]. Therefore the use of a lower concentrations of HN03 and HCI 

were used for dissolution. HCI was used because lowering the HN03 concentration 

required a stronger acid for dissolution. The use ofHCI was supported by reports that 

trace elements precipitate as chlorides from copper salt matrices with ascorbic 

acid[127]. The high concentrations of Ag, Co, Ho and Nb added in the previous 

experiment may have had an affect on the reduction of Pd by competition of the 

reaction with ascorbic acid. Therefore Ag was added to the sample without Co, Ho 

and Nb. The small amount of precipitate formed in the experiment was believed to be 

undissolved ascorbic acid because nitrogen dioxide gas was produced when HN03 

was added which was the same observation as when the ascorbic acid was initially 

added to the acidic solution in the flask. Ag was not detected by ICP-AES analysis of 

the dissolved precipitate which strengthens the theory that the precipitate consisted of 

undissolved ascorbic acid. The solution still did not remain black despite the steps 

taken to prevent the oxidation of Pd. It was not surprising that Ag was not detected in 

the dissolved precipitate because Pd was not successfully reduced. 

The observations of an experiment involving the addition of three times the original 

amount of ascorbic acid are discussed below. 
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3.12.6.1.2 Addition of more ascorbic acid 

The solution turned black when a higher concentration of ascorbic acid was added to a 

repeat experiment. Ag was not detected in the precipitate by ICP-AES analysis and 

the filtrate remained black. These observations suggest that Pd remained in solution. 

The following results confirm that Pd was not precipitated. 

3.12.6.1.3 Determination of Pd 

Table 99 shows results of the analysis of Pd in the filtrate and filter of a dissolved 

mild steel sample after the procedure of the reductive co-precipitation method was 

performed. 

Table 99 Determination of Pd 

Pd(mgdm-) 

Filtrate 5.91 

Filter 0.01 

The maximum concentration of Pd in solution assuming that Pd remained in the 

filtrate was 6 mg dm-3
• The results show that all the Pd was detected in the black 

filtrate and not in the dissolved filter paper. Therefore it was concluded that Pd 

remained in solution as a colloidal species and was not successfully precipitated by 

this method despite steps taken to prevent Pd from re-oxidising. This result explains 

why Ag was not co-precipitating in this method. 

The following section shows results of Fe precipitation experiments and the affect on 

Ag, Co, Ho and Nb. 
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3.12.6.2 Precipitation of Fe using NaOH 

Table lOO shows ICP-AES results of eleven experiments adjusted to various pH 

values with NaOH. 

Table 100 

pH 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Analyte concentrations detected in mild steel dissolution samples 

adjusted to various pH values with NaOH 

Ag(mg Co(mg Ho(mg Nb(mg Max. conc. (mg 

dm-3) dm·3) dm·3) dm·3) dm·3) 

0.23 4.06 2.40 2.34 2.50 

1.76 2.84 1.14 0.32 1.87 

1.65 3.13 1.53 0.02 1.82 

1.00 2.95 0.31 0.02 2.00 

0.67 1.49 0.02 0.01 1.79 

1.39 0.08 0.01 0.00 2.00 

0.84 0.26 0.01 0.00 1.75 

0.18 0.01 0.01 0.02 1.79 

0.21 0.00 0.00 0.00 1.77 

0.18 0.00 0.00 0.00 1.86 

0.58 0.00 0.00 0.00 1.56 

The maximum concentrations of each element for each sample at the various pH 

values assuming that each element remained soluble are shown in the last column of 

the table. These concentrations differ because of the varying volume ofNaOH added 

to achieve the desired pH. Varying volumes of NaOH were required because the 

amount of RN03 that evaporated during heating varied in each sample. The results 

show that Co began to precipitate at pH 6. The concentrations detected at pH values 

below 6 were all higher than the maximum expected concentration because of the 

extra 0.9 to 1.5 mg dm·3 Co present in the mild steel samples before they were doped 

(determined from previous control experiments). The precipitation of Co began at a 

higher pH than pH 4 predicted by the JCHESS speciation programme[33]. Ag was 

also observed to behave differently to the speciation prediction because it precipitated 
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at pI-! 2 and showed partial precipitation above pH 3. Ho and Nb also began to 

precipitate above pH 3. Fe was observed to precipitate between pH 2 and 3 because 

the colour of solution changed from brown / orange to clear when solutions were 

adjusted to > pH 3 

Figure 31 shows a summary of the concentration of Ag, Co, Ho and Nb detected 

plotted against pi-I. 

Figure 31 Summary of detected analyte concentration using NaOH at pH 2 

to .12 for experiment set 1 
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The chart shows a pattern of decreasing concentration for Nb, Co and 1-10 as the pH 

increased. However the decrease in concentration was shown to occur at different pH 

values than those predicted by JCHESS [33). 

Figure 32 summarises the ICP-AES results of a repeat set of experiments between pH 

2 and 12. 
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Figure 32 
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The second set of results showed similar trends to the first. Ag was precipitated over 

the whole range of pH values wllich was opposite to the JCHESS prediction. One 

possible explanation for this could be that the steel matrix was having a co­

precipitation affect on the analytes and as Fe began to precipitate it co-precipitated 

Ag. This may also explain the result that Ho was precipitated at a lower pH than 

predicted. The co-precipitation theory was strengthened by reports that the metaJs Pb, 

Bi and Po were found to co-precipitate on Fe(OH)J[135]. 

The theory of co-precipitation was then confLrlned. Figure 33 shows a swnmary of 

analyte concentrations plotted against pH for solutions containing the same initial 

concentrations of analytes wi th no steel present. 
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Figure 33 
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These results show similar patterns of analyte behaviour to those predicted. Ag began 

to precipitate above pH 10 which was similar to the JCHESS[33] prediction. Ho was 

also shown to precipitate between pH 6 and 8. This suggests that the precipitation of 

Fe in steel was causing the co-precipitation of these two analytes. Co however was 

shown to precipitate between pH 9 and 11 which was a higher pH than predicted. The 

resu lts for Nb remained the same as those with steel present and this analyte 

precipitated > pH 2. 

The results show that Fe precipitation of mild steel samples was not successful at 

separating the analytes from Fe and Co because the analytes did not form highly 

soluble complexes. 

The following section shows results of the investigation into Fe precipitation using 

ammonia solution to form soluble ammine complexes. 
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3.12.6.3 Precipitation of Fe using NH40H solution 

Table 101 shows ICP-AES results of nine experiments adjusted to various pH values 

withNH40H. 

Table 101 

pH 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Analyte concentrations detected in mild steel dissolution samples 

adjusted to various pH values with NH40H 

Ag(mg Co(mg Ho(mg Nb(mg Max. conc. (mg 

dm·3) dm·3) dm·3) dm·3) dm·1 

2.42 3.93 1.96 1.95 2.02 

1.54 3.37 1.70 0.41 1.63 

1.14 3.37 1.46 0.14 1.77 

1.56 3.41 0.27 0.15 1.83 

1.66 0.03 0.04 0.14 1.71 

1.46 0.08 0.05 0.16 1.59 

1.64 0.03 0.04 0.17 1.49 

1.75 0.00 0.00 0.00 1.64 

0.69 0.01 0.00 0.00 0.71 

The maximum concentrations of each element assuming that each element remained 

soluble are shown in the last column of the table. These differ because of the varying 

volume of NH40H added to achieve the desired pH. The results show that the 

separation of Ag from Co was successful because Ag remained in solution as a 

soluble ammine complex while Co precipitated above pH 6. In addition to the initial 

Co concentration added an extra 1.5 to 2 mg dm·3 of Co was detected in solution 

before it was precipitated. This was the amount of Co in the steel prior to it being 

doped. The pH of solution began to increase very gradually after pH 10 therefore the 

dilution necessary to reach higher pH values was too high for ICP-AES detection of 

the anaIytes. 
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Figure 34 shows a summary of the ICP-AES ana lyte concentrations detected plotted 

against pH . 

Figurc 34 Summary of dctcctcd analytc conccntration using NH40H bctwcen 
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The summary shows a pattern of precipitation that was similar to the prediction made 

by the J HESS speciation programme[33]. 0 was shown to precipitate above pH 5 

whereas Ag remained in solution and was therefore separated from Fe and Co. It is 

known that large fo rmation constants are onl y observed for AgL + and AgL2 + 

complexes (L = ligand)[ 40]. This is because of the preference for linear co-ordination 

[H3N- Ag-NH3r observed crystallographically[41] . 

Figure 35 shows a summary of ICP-AES results for a repeat set of experiments using 

NH40 H. 
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Figure 3S 
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A repeat set of experiments shows similar results and the separation of Ag from Co 

was successful. Ho was the lesser important analyte because Ag and Nb radioisotopes 

are more abundant in steel waste samples. A separation method for Ho from Fe and 

Co was still desirable although not as desirable as a method of separation for Ag and 

Nb from Fe and Co. The results show the successful separation of Fe from Ho 

between pH 3 and 4. However Ho precipitated in the same pH range as Co and the 

method does not therefore separate Ho from Co. It was also reported that rare earth 

elements were determined in Fe minerals and quartz using iron hydroxide 

precipitation[ 142] and the separation of rare earth elements from Fe was achieved in 

pure iron and low alloy steels using chromatographic separation techniques[1 43, I 44]. 

The radioactive Co interference remained a problem for rad ioactive Ho determination. 

160 



A summary of the analyte precipitation reactions that occurred in the precipitation 

experiments using NH!OH is shown below. 

pH 2-3: 

Fe3+ + 30H· ~ Fe(OH)J-j.. (red I brown colour) 

pH 4-6: 

Ho3+ + 30H· ~ Ho(OHhJ. 

Co2+ + 20H-~ Co(OHh,j.. 

pH 5-7: 

Equation 18[145,134] 

Equation 19[146] 

Equation 20[134] 

Equation 21 [32] 

At first, Ag formed soluble hydroxide complexes which began to precipitate as Ag20. 

However at the same pH, the following reaction rapidly occurred forming the soluble 

anunine complexes. 

>pH5: 

Equation 22[32] 

Nb also precipitated at a low pH with Fe, however no quantitative stoichiometric 

reactions producing hydroxide precipitates of definite composition are known[44]. 

One possibility is that the Nb(OH)s precipitate formed. 

The following section shows dissolution, Nb separation and Ag separation results for 

boron containing steel. 
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3.12.7 Dissolution of boron containing steel 

Table 102 shows ICP-AES results for two boron containing steel control samples. 

Table 102 Control boron containing steel samples 

Control sample Ag(mgdm-) Co (mg dm-') Ho (mgdm-) Nb (mgdm-) 

1 0.06 1.68 0.04 0.26 

2 0.06 1.79 0.04 0.27 

The results show that between 1.68 and 1.79 mg dm-3 Co and 0.27 mg dm-3 Nb were 

present in the boron containing steel samples prior to the samples being doped. 

Table 103 shows ICP-AES results for two boron containing steel samples doped with 

Ag, Co, Ho and Nb. 

Table 103 Doped boron containing steel samples 

Doped Sample Ag(mgdm-) Co(mgdmj Ho (mgdmj Nb (mg dm-') 

1 1.46 3.04 1.38 1.78 

2 2.25 4.51 1.64 2.50 

The mrunmum concentration of each element assuming that each element was 

successfully transferred from the steel to solution was 2 mg dm-3
• The results show 

that> 70% of each element was successfully transferred to solution for sample 1 and 

> 80% of each element was successfully transferred to solution for sample 2 after the 

subtraction of concentrations detected in control samples prior to the samples being 

doped. An extra 1 to 2.5 mg dm-3 Co was detected in addition to the concentrations 

added because of the Co initially present in the steel prior to the samples being doped 

(determined in control experiments). 
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3.12.8 Separation of Nb from Co in boron containing steel 

Table 104 shows ICP-AES results for two boron containing steel sample solutions 

doped with Ag, Co, Ho and Nb after they were passed through cation exchange resin. 

Table 104 Separation of Nb from Co in boron containing steel 

Solution Ag(mgdmj Co(mgdm'1 Ho (mgdm'J) Nb (mgdm'3) 

1 0.44 1.06 0.24 1.94 

2 0.25 1.00 0.14 2.30 

The maximum concentration of each element assuming that each element passed 

through the resin was 2 mg dm,3. The results show that Nb passed through the resin. 

However 50% of the initial concentration of Co added was also shown to have passed 

through the resin with small amounts of Ag and Ho. Therefore the separation of Nb 

from Co was only partial. It was thought that the relatively highly charged B3+ ion 

together with Fe3+ and Ni2+ provided a large amount of competition for adsorption 

sites on the resin, which resulted in the partial elution of each analyte because the sites 

that were previously available in stainless and mild steel sample analysis were 

occupied by these competing cations. 

3.12.9 Separation of Ag from Co in boron containing steel 

Table 105 shows ICP-AES results of two boron containing steel samples adjusted to 

pH 9 for Ag separation. 

Table 105 Separation of Ag from Co in boron containing steel 

Filtrate Ag(mg Co(mg Ho(mg Nb(mg Max. cone. 

dm,3) dm'3) dm,3) dm'3) (mgdm,3) 

I 1.12 0.05 0.00 0.00 1.29 

2 1.15 0.06 0.00 0.00 1.17 
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The maximum concentrations for each element assuming that each element remains in 

solution are shown in the last column. These values differ because a slightly higher 

volume ofNH40H was added in filtrate 1 to achieve pH 9. The results show that Ag 

remained in solution after filtration and was successfully separated from Fe and Co in 

these samples. 

The following section shows results of dissolution, Nb separation and Ag separation 

methods performed on low alloy steel samples. 

3.12.10 Dissolution of low alloy steel 

Table 106 shows ICP-AES results for two control low alloy steel samples. 

Table 106 Low alloy steel control samples 

Control sample Ag(mgdm") Co(mg dm") Ho (mgdm"') Nb (mgdm-) 

1 0.08 1.25 0.05 0.17 

2 0.07 1.25 0.04 0.15 

The results show that 1.25 mg dm·3 Co and 0.16 mg dm·3 Nb were present in the low 

alloy steel samples prior to them being doped. 

Table 107 shows ICP-AES results of two low alloy steel sample dissolutions doped 

with Ag, Co, Ho and Nb. 

Table 107 Low alloy steel doped samples 

Doped sample Ag(mgdm·J) Co (mgdm"') Ho (mgdm") Nb (mgdm·3) 

1 1.94 3.09 1.80 1.96 

2 1.86 2.85 1.68 1.88 

The maximum concentration of each element assuming that each element was 

successfully transferred from the steel to solution was 2 mg dm·3• The results show 
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that> 80% of each element were successfully transferred to solution. An extra 0.85 to 

1 mg drn·3 Co was detected in addition to the concentration added because of the Co 

initially present in the steel prior to the samples being doped (determined in control 

experiments). 

3.12.11 Separation of Nb from Co in low alloy steel 

Table 108 shows ICP-AES results for two low alloy steel sample solutions doped with 

Ag, Co, Ho and Nb after they were passed through cation exchange resin. 

Table 108 Separation of Nb from Co in low alloy steel 

Solution Ag(mgdm·3) Co (mg dm·' Ho (mgdm .... ) Nb (mgdm·3) 

1 0.10 0.31 0.04 1.65 

2 0.14 0.32 0.03 1.62 

The maximum concentration of each element assuming that each element passed 

through the resin was 2 mg drn·3• The results show the successful separation of Nb 

from most of the initial concentration of Co added. A small amount of Co 

(approximately 10% of total Co in the sample after doping) was however determined 

in solution after it was passed through the resin. 

3.12.12 Separation of Ag from Co in low alloy steel 

Table 109 shows ICP-AES results of two low alloy steel samples adjusted to pH 9 for 

Ag separation. 

Table 109 Separation of Ag from Co in low alloy steel 

Filtrate Ag(mg Co(mg Ho(mg Nb(mg Max. cone. 

dm·) dm·) dm·) dm·) (mg dm-) 

1 1.08 0.12 0.00 0.00 1.24 

2 0.74 O.oJ 0.00 0.00 1.11 • 
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The maximum concentrations for each element assuming that each element remains 

soluble are shown in the last column. These values differ because a slightly higher 

volume ofNH40H was added in the second filtrate to achieve pH 9. The results show 

that Ag remained in solution after filtration and was successfully separated from Fe 

and Co. 

Successful dissolution of each of the different types of steel apart from stainless steel 

resulted in the successful transfer of Ag, Co, Ho and Nb to solution after the 

subtraction of Co and Nb concentrations detected in control samples prior to the 

samples being doped. The control samples showed that < 2 mg dm·3 of Co was 

initially present in each steel sample. A small amount of Nb « 0.3 mg dm·3) was 

detected in each steel apart from mild steel. Nb was successfully separated from Co in 

the steel samples by passing dissolved samples spiked with HF through cation 

exchange resin. The separation of Nb from Co was less successful for boron 

containing steels. The elution of Ag from cation exchange resins with NaN02 was 

successful for the separation from Co in previous tacky swab samples but was not 

suitable for steel samples because the elution resulted in both Ag and Co nitrite 

complexes. The separation of Ag from Co for steel samples was successfully achieved 

by adjusting dissolved samples to pH 9 with ammonia solution so that Co, Fe, Nb and 

Ho were precipitated leaving the soluble [Ag(NH3)2r complex in solution. When the 

method of Ag separation was applied to stainless steel samples, the results showed 

that Co was not fully precipitated at pH 9 or pH 10. 

The following section shows results of dissolution and separation methods performed 

sequentially. 
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3.12.13 Combination of successful dissolution and separation methods for 

mild steel 

Table 110 shows ICP-AES results at each stage of the combined dissolution and 

separation methods perfonned on inactive mild steel samples. 

Table 110 

Stage 

Dissolution 

Nb separation 

Ag separation 

Ag, Co, Ho and Nb recoveries at each stage of the combined 

methods 

Sample Ag(mg Co(mg Ho(mg Nb(mg Max. conc. 

dm-) dm-3) dm-3) dm-3) (mgdm-3) 

SI 0.69 1.12 0.63 0.60 0.67 

S2 0.72 1.12 0.65 0.60 0.67 

SI 0.01 0.07 0.02 0.57 0.67 

S2 0.00 0.23 0.00 0.42 0.67 

SI 0.37 0.00 0.00 0.00 0.62 

S2 0.47 0.00 0.00 0.00 0.62 

The results show the detected concentrations for each of the analytes for two mild 

steel samples, sample 1 and sample 2 (S 1 and S2 in table 110). The maximum 

concentrations at each stage of the combined method calculated from the initial 

concentration of elements added to the samples taking into account any dilutions are 

shown in the last column of the table. The slightly higher concentration of Co 

detected after dissolution was because Co was present in the steel samples prior to the 

samples being doped. The two samples show the successful transfer of each analyte to 

solution. In sample 1, 95% of the initial detected concentration of Nb was separated 

from Co and in sample 2, 70% of the initial concentration of Nb was separated from 

Co. However in the second sample, 20% of the initial detected concentration of Co 

also passed through the resin. Between 55 and 70% Ag was successfully separated 

from Co at the Ag separation stage. 

The successful combined method process of dissolution and analyte separation was 

then applied to radioactive mild steel samples. 
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3.12.14 Radioactive mild steel analysis 

Table III shows the initial 6OCO, 55Fe and 63Ni activity estimated in six solid mild 

steel samples. 

Table 111 Radioactive mild steel samples before dissolution 

Sample Mass (g) 60Co estimated 55Fe estimated 63Ni estimated 

(IIq g-I) (Bq g-I) (IIq g-I) 

1 0.79 3.9 x 104 7.8 x 104 3.0 x 103 

2 0.95 3.1 x 104 6.3 X 104 2.4 x 103 

3 0.65 4.4 x 104 8.7 X 104 3.3 x 103 

4 0.44 7.5 x 104 1.5 X 105 5.7 X 103 

5 0.34 1.1 x 105 2.3 X 105 8.7 x 103 

6 0.52 5.8 x 104 1.2 X 105 4.4 X 103 

The table shows a relatively high Co interference, 55Fe and 63Ni in each of the mild 

steel samples. !08m Ag and 94Nb were not directly measured because of the large excess 

of 60CO interference. The separation methods for Ag and Nb determination were 

required to analyse the samples for these radioisotopes. 

The following section shows ICP-AES results at each stage of the combined methods 

for each of the six radioactive samples analysed. 

3.12.14.1 ICP-AES analysis of radioactive mild steel samples 

Tables 112 to 114 show ICP-AES detected concentrations, 2cr uncertainty values and 

percentage tracer yields at each stage of the method. The set of standard solutions 

used in the calibration of these samples contained 2000 mg dm-3 Fe to match the 

sample solution matrix. 
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Table 112 Mild steel sample dissolution ICP-AES analysis 

Sample Ag Co Ho Nb 

Concentration detected I 0.19 1.01 0.70 0.72 

(mg dm·3) 2 0.18 1.12 0.71 0.70 

3 0.23 0.90 0.68 0.40 

4 0.20 0.85 0.68 0.27 

5 0.24 0.80 0.68 0.25 

6 0.19 0.88 0.68 0.38 

20" uncertainty (mg dm·3) I ±0.03 ±0.D1 ±0.01 ±0.04 

2 ±0.D1 ±0.D1 ±0.01 ±0.01 

3 ±0.01 ±0.01 ±0.01 ± 0.01 

4 ±0.01 ±0.01 ±0.01 ± 0.D1 
5 ±0.08 ±0.01 ±0.02 ± 0.01 
6 

±0.01 ±0.02 ±0.01 ±0.01 

The expected concentration of each tracer element in the active mild steel dissolution 

samples assuming that each element was successfully transferred from the steel to 

solution was 0.667 mg dm·3• The samples were known to contain 0.015% Co impurity 

and this explains the slightly higher than expected concentrations of Co detected. The 

samples were not analysed immediately after preparation because of ICP instrument 

unavailability and several months of the solutions having been left standing was 

thought to be responsible for Ag and Nb instabilities. The first two samples shown in 

the table were the largest samples by weight and required HF for their dissolution. 

The results show that only those two samples contained the expected concentration of 

Nb and was explained by the stability of Nb in solution with HP. 

The steel solutions were then analysed after they were passed through cation 

exchange resin using standard solutions also containing Fe even though some of the 

Fe was removed from solution by the resin. A few drops of HF were added to the 

samples before analysis because of the instability of Nb observed after dissolution. 
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Table 113 Mild steel Nb separation stage ICP-AES analysis 

Sample Ag Co Ho Nb 

Concentration detected I O.oI 0.00 0.00 0.40 

(mg dm·3) 2 0.00 0.00 0.00 0.53 

3 O.oI 0.00 0.00 0.54 

4 0.03 0.00 0.00 0.54 

5 0.04 0.00 0.00 0.67 

6 0.01 0.00 0.00 0.50 

2cr uncertainty (mg dm-3
) I ±O.oJ ±0.01 ±0.01 ---

2 ±0.02 ±O.oI ±0.02 ---
3 ±0.05 ±O.oI ± O.oI ---
4 ±0.05 ±0.01 ±0.01 ---
5 ±O.oJ ±0.01 ±0.01 ---
6 ---

±O.oJ ±0.01 ±0.01 

% tracer yield I 5 0 0 60 

2 0 0 0 79 

3 4 0 0 80 

4 IS 0 0 81 

5 17 0 0 lOO 

6 5 0 0 75 

A relatively high concentration of Na present in solution after the samples were 

passed through cation exchange resin compromised the Nb tracer yield. This was 

concluded from the observation of a decrease in analyte concentrations in the standard 

solutions measured before and after measurement of the samples. The following 

results were therefore adjusted to account for this. The increased N a content resulted 

from ion exchange with a large amount of cations, particularly Fe3
+ and therefore the 

ICP-AES data for these solutions was subject to a high degree of uncertainty due to 

nebuliser problems. This finding also explains why 100% Nb was not detected in 

method development experiments despite the formation of the highly soluble Nb 

anionic fluoro complex. The tracer yield for Ag was calculated relative to the initial 

detected concentration of Ag after dissolution and shows that most of the Ag adsorbs 
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to the resin. The tracer yield for Nb was calculated relative to the expected 

concentration of Nb used to dope the samples. The sample yields would ideally have 

been calculated relative to the concentrations detected after dissolution, however this 

was not possible because samples 3 to 6 showed instability of Nb. The results show 

that a separation of Nb from Co and Ho was achieved at this stage of the method in 

active mild steel samples despite the increased uncertainty due to nebuliser problems. 

The solutions obtained at the Ag separation stage were measured against standard 

solutions containing no Fe because all of the Fe precipitated from the sample 

solutions. 

Table 114 Mild steel Ag separation stage ICP-AES analysis 

Sample Ag Co Ho Nb 

Concentration detected 1 0.19 0.00 0.00 0.02 

(mgdm'3) 2 0.14 0.00 0.00 0.04 

3 0.11 0.00 0.00 0.01 

4 0.17 0.00 0.00 0.01 

5 0.13 0.00 0.00 0.00 

6 0.15 0.00 0.00 O.oJ 

2cr uncertainty (mg dm'3) 1 ±0.02 ±0.01 ±0.01 ±0.02 

2 ±0.02 ±0.01 ±0.02 ±0.01 

3 ±0.02 ±0.01 ±0.02 ±0,02 
4 ±0.07 ±0.01 ±0.01 ±0.02 
5 ±0.05 ± O.oJ ±0.01 ±0.01 
6 

±0.05 ± O.oJ ±0.02 ±0.01 

% tracer yield 1 100 0 0 3 

2 78 0 0 6 

3 48 0 0 2 

4 85 0 0 2 

5 54 0 0 0 

6 79 0 0 2 
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The percentage tracer yield of Ag was calculated relative to the amount detected after 

dissolution because the same degree of Ag instability in solution was observed at both 

stages of the method due to the samples being left standing in light for a long period 

of time. However the separation of the remaining Ag in solution was shown to be 

successful and no trace of Co was detected. 

3.12.14.2 Gamma spectrometry analysis of radioactive mild steel samples 

Tables 115 to 119 show !08mAg, 94Nb and 60CO measured at each stage of the method 

for the six radioactive mild steel samples. 

Table 115 Radionuclides detected after dissolution of mild steel samples 

Sample J •• mAg "Nb "·Co 

Activity detected I <6.12 < 5.11 1.4 x 104 

(Bq g'!) 2 <4.72 <3.99 1.5 x 104 

3 <7.24 <7.85 1.6 x 104 

4 < 16.99 < 18.97 3.0 x 104 

5 <18.48 <24.42 3.8 x 104 

6 
< 17.57 < 18.98 1.9 x 104 

60CO activity was detected in each of the steel samples with 10% uncertainty. Neither 

!08mAg or 9~ were detected above the minimum detectable amount for those 

radionuclides. The less than values in table 115 are the minimum detectable amounts 

of!08mAg and 9~b. 

Figure 36 shows a graph of MDA values for !08m Ag and 9~ in the mild steel 

dissolution samples. 
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Figure 36 IOS"'Ag and 94Nb M DA values in mild steel dissolu tion samples 
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The MDA values for IOSmAg and 94Nb in sample 6 were not included in the graph 

because of the short count time (5000 seconds) of the sample compared with the other 

fi ve samples which resulted from limited availability of the gamma spectrometer. 

Table 116 Radionuclides detected in mild steel samples at the Nb separation 

stage 

Sample ,uomAg HNb vUCo 

Acti vi ty detected I < 0.36 < 0.36 36.56 

(Bq g-I) 2 < 0.1 6 < 0.11 29.67 

" \0 .5 1 J < 0.3 1 < 0.25 

4 < 0.52 < 0.60 40.62 

5 
< 0.66 < 0.61 60.29 

6 
< 0.67 < 0.44 

75.64 

60CO acti vity was detected in each of the steel samples with 10% uncertainty. 

However the amount detected was below I % of Ihe initial 6OCO detected after 

di ssolution. Therefore because most of the 6OCO interference was removed from 

solution and the ICP tracer results show a significant yield of Nb, it was concluded 

that dlere wa no positively identifiable 94Nb in these mild steel samples. 
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Figure 37 shows a graph Of·
94Nb MDA values after the solutions were passed through 

cation exchange resin. 

Figure 37 94 Nb MOA valucs in mild steel after Nb separation 
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The graph shows that much lower detection limits were achieved after Nb was 

separated from Co strengthening the suitability of the separation method for mild steel 

despite 94Nb not being positively identified. 

Table 117 Radionuclidcs detected on the cation resin for mild steel samples 

Sample lU.mAg >'Nb 6UCo 

Activity detected I < 7.63 < 5.2 1 1.2 x 104 

(Bq g. l) 2 < 6.90 < 6.94 1.1 X 104 

, 
1.4 X 104 J < 12.34 < 5.75 

4 < 16.66 < 12.32 2 .7 x 104 

5 <2 1.40 < 23 .88 3.8 x 104 

6 
< 14.90 < 14.81 1.9 x 104 

174 



60Co activity was detected in each of the steel samples with 10% uncertainty. The 

results show that 60Co was adsorbed to the resin and therefore removed from solution. 

The lOSmAg and 9"N!, MDA values were larger than those measured in solution 

because of the high background caused by 6OCO. 

Table 118 RadionucIides detected in mild steel samples at the Ag separation 

stage 

Sample lu.mAg "Nb .uCo 

Activity detected 1 <0.17 <0.11 9.80 

(Bq g.!) 2 <0.12 <0.04 6.66 

3 <0.23 < 0.30 8.25 

4 <0.56 <0.46 40.25 

5 <0.81 < 0.53 64.33 

6 
<0.34 < 0.41 

18.78 

60Co activity was detected in each of the steel samples with 10% uncertainty. 

However the amount detected was below 1 % of the initial 6OCO detected after 

dissolution. Therefore because most of the 60Co interference was precipitated from 

solution and the ICP tracer results show a significant yield of Ag compared to the 

amount detected after dissolution, it was concluded that there was no positively 

identifiable lOSm Ag in these mild steel samples. 

Figure 38 shows a graph of MDA values for lOSmAg after precipitation of 55Fe and 

60C o. 
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Figure 38 
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The graph shows that much lower detection limits were achieved after Ag was 

separated from Co strengthening the suitabili ty of the separation method for mild steel 

despite 108mAg not being pos itively identified. 

Table 11 9 shows activity results for the filter paper containing the 60Co precipitate. 

Table 119 RadioDuclidcs detected on the filter for mild steel samples 

Sample ," .. nAg "'Nb ""Co 

Acti vity detected I < 6.5 1 < 9. 13 1.1 x 104 

(Bq g-I) 2 < 7.09 < 6.35 1.0 x 104 

3 < 10.05 < 8.94 1.3 x 104 

4 < 12 .77 < 16.77 ? ~ 104 _ . .,} x 

5 < 19.24 < 10.38 o ~ 104 J . J x 
6 

< 11.8 1 < 13.28 1.5 x 104 

60Co acti vity was detected in each of the steel samples with 10% uncertainty. T he 

results show that 6OCo was precipitated by add ition of ammonia so lution. The I08mAg 

and 94N b MDA values were larger than those measured in solution because of the 

high backgrowld caused by 60Co. 
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Chapter 4 

Conclusion and Future Work 
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4.0 Conclnsion and Future Work 

4.1 Tacky swab and filter paper samples 

A method was developed which successfully dissolves radioactive tacky swab and 

filter paper samples. Ag, Ho and Nb were then separated from Co and the tracer 

yields were used to determine 108m Ag and 9"Nb activities. 

4.1.1 Nb separation 

Nb was separated from Co using a strong cation exchange resin. The anionic fluoro 

species [NbOFst was pre-dominant and did not adsorb to the resin. Co was removed 

from solution by adsorption to the resin. The behaviour of Nb was observed to differ 

in method development experiments performed at Loughborough University and 

experiments performed at Berkeley Centre. Method development experiments showed 

that 80% Nb was retained by lanthanide resin at the Ho separation stage of the method 

whereas the inactive control experiments at Berkeley showed that Nb was not retained 

by lanthanide resin. Work throughout the project concluded that the separation of Nb 

was dependent on the concentration of HF in solution and the difference in results was 

explained by the varying concentration of HP due to the dilution of samples. To 

promote the formation of anionic Nb fluoro complexes, additional HF was required. 

9"Nb was detected in the tacky swab and filter paper samples but not measured above 

the minimum detectable amount for the 9"Nb radionucIide. The removal of > 99% 

60CO from solution together with the high Nb tracer yield resulted in the conclusion 

that there was no measurable 9"Nb activity in any of the radioactive samples. However 

the separation method was shown to be successful at separating Nb from Co in 

radioactive tacky swab and filter paper samples so that 9"Nb can be determined in 

solution. 
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4.1.2 Ho separation 

Ho was separated from Co using lanthanide resin. Ho was selectively retained by the 

resin while Co remained in solution. The peak library that was used in gamma 

spectrometry to measure the radioactive samples did not include 166mHo and therefore 

it was not possible to conclude whether or not there was any significant amount of 

166mHo in the samples. The results however suggest that if there were any 166mHo 

. present in the samples, it would have been retained on the lanthanide resin and 

removed from > 99% of the interfering 60CO radioisotope providing a suitable 

separation method. 

4.1.3 Ag separation 

Ag was separated from Co using a NaN02 eluant on a strong cation exchange resin. 

The mean average of all the radioactive samples showed that 45% Ag was separated 

from> 90% Co. IOsmAg was the only radionuclide detected above its minimum 

detectable amount and was separated from the interfering 60Co Compton interference 

in the NaN02 eluate. The swab samples were shown to contain a higher amount of 

IOSmAg and 60CO activity than the filter paper samples. The lOsmAg MDA values show 

that the initial lOSm Ag activity detected after dissolution was close to the minimum 

detectable amount of lOSmAg. Therefore partial swamping of the IOSmAg gamma 

emission signal by 60Co Compton interference in most of the radioactive samples was 

observed and confirmed because the percentage of the initial 108m Ag that was detected 

in the NaN02 eluates was significantly higher than the Ag tracer yield detected by 

ICP-AES. The improved detection limits in the NaN02 eluates enabled the 

determination of the initial IOSm Ag activity that was partially swamped. This was 

achieved by correcting the lOSm Ag activity detected in the NaN02 eluates using the Ag 

tracer yield. The initial ratio of lOSm Ag to 6OCO was therefore estimated, providing 

supporting data to verify the inventory calculated for the reactor core and the 

bioshield. 

The Berkeley Centre Power Station from which the radioactive samples were taken 

was shutdown in 1989 and the samples were taken in 1999. Therefore the supporting 
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data suggests that after a few more decades, !08m Ag will be the dominating 

radionuclide in these samples because of its long half-life compared to that of 60Co 

and the !08m Ag activity can be estimated using the data. It was not possible to estimate 

the !08m Ag to 60Co ratio in filter paper samples containing < 1 Bq gO! of !08m Ag 

activity because the !08m Ag activity in the NaN02 eluate was below the lower 

detection limit of the ganmJa spectrometer. 

4.2 Steel samples 

From the four types of steel analysed, stainless steel was the most difficult to dissolve 

because of its high Cr and Ti content and was not successfully dissolved without the 

addition of HCI which caused problems for the recovery of Ag when the samples 

were doped with Ag, Co, Ho and Nb. Boron containing and low alloy steel were 

successfully dissolved using HN03 and HF. Mild steel was the simplest of the four 

types of steel to dissolve and was successfully dissolved in 5 cm3 concentrated HN03. 

The tracer elements Ag, Co, Ho and Nb were successfully measured in solution after 

the dissolution of boron containing, low alloy and mild steel samples doped with 

those elements. Ag and Nb were separated from Co and the tracer yields were used to 

determine !08m Ag and 9"Nb in radioactive mild steel samples. 

4.2.1 Nb separation 

Nb was separated from> 90% of the total Co concentration in inactive low alloy and 

mild steel dissolution samples and > 70% of the total Co concentration in inactive 

boron containing steel dissolution samples that were doped with Nb and Co. This was 

achieved by passing the solutions through a strong cation exchange resin. The 

principals behind the separation were the same as the Nb separation for tacky swab 

and filter paper samples. 

The use ofNaF was also successful for the separation of Nb from steel solutions on a 

cation exchange resin which provides a safer alternative reagent to HF. 
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Nb was successfully separated from Co in radioactive mild steel samples but 9"Nb 

was not measured above its minimum detectable amount. The separation method 

removed > 99% 60Co and achieved lower detection limits for 9"Nb than those 

observed in solution after dissolution, therefore the method was shown to be suitable 

for the determination of 94Nb in radioactive steel samples despite 9~ not being 

positively identified. 

4.2.2 Ag separation 

Ag was successfully separated from Co and Fe in inactive boron containing, low alloy 

and mild steel dissolution samples by adjusting the solutions to pH 9 with ammonia 

solution. Fe and Co were removed from solution by the precipitation of Fe(OH)3 and 

CO(OH)2 providing a solution containing the Ag diammine complex [Ag(NH3)2t. 

Ag was successfully separated from Co in radioactive mild steel samples but IOSm Ag 

was not measured above its minimum detectable amount. The separation method 

removed > 99% 60Co and achieved lower detection limits for 108m Ag than those 

observed in solution after dissolution, therefore the method was shown to be suitable 

for the determination of I08m Ag in radioactive steel samples despite IOSm Ag not being 

positively identified. The Ag separation method also requires the storage of samples 

in the dark before analysis to prevent the destabilisation of Ag in solution. 

The Ag and Nb separation methods applied to radioactive mild steel show that no 

measurable amount of IOSmAg or 9~ were present in the samples that were analysed. 

As the radiological consequences of a nuclide entering the environment are 

proportional to the quantity of nuclide, the use of MDA values in the absence of better 

data will lead to an overestimate of the radiological impact of IOSm Ag and 9"Nb. This 

additional data will therefore not eliminate the uncertainties contained in the 

inventory of mild steel. 
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4.3 Future Work 

This section discusses some suitable experimental work that would be appropriate for 

a continuation of the project. 

The active mild steel analysis showed the basis of a suitable method, however this 

clearly needs refinement. ICP nebuliser congestion caused by high Na content after 

Nb separation needs to be overcome in order to obtain quantitative analysis. Method 

development work showed that this problem was drastically reduced in steel samples 

below 0.5 g. Therefore a reduction in steel sample size would overcome the problem. 

Furthermore it would also be useful to perform experiments with varying known 

concentrations of Na and the affect it has on analyte recovery. Alternatively a cation 

exchange resin in the It or N& + form could be investigated in the separation of Nb 

from Co in mild steel samples. 

The successful Ag separation method for steel samples was believed to be suitable for 

Ag separation from Co in tacky swab and filter paper samples. The method of sample 

analysis would however have to be altered slightly. Once dissolved, the samples 

would be divided into two equal volumes. The Ho and Nb separation methods would 

be applied to one half of the solution in the usual way and Ag separation via the 

precipitation method would be applied to the other half of the solution. Co is expected 

to precipitate at pH 9 leaving Ag in solution as the diammine complex for analysis. 

The precipitation method could not be used sequentially with the Ho and Nb 

separation methods because Nb is required to remain in solution for its separation 

using a cation exchange resin and this would not be possible because it is known to 

precipitate at low pH values. If the application of this separation method to tacky 

swab and filter paper samples was successful, a better Ag separation would be 

achieved than the existing NaN02 method of separation and it may then be possible to 

quantitatively determine 108m Ag in very low radioactive samples such as the second 

radioactive filter paper sample analysed at Berkeley Centre. 

Although separation methods were developed for the more abundant l08m Ag and 9"Nb 

radionuclides in steel samples a separation method for 166mHo would be desirable. An 

investigation into the separation of Ho from Co in steel samples would be the next 
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logical step. The suggested path to achieving this follows the method development for 

the separation of Ag and Nb and therefore methods would be developed using mild 

steel, the simplest to dissolve of the four steels. The use of lanthanide resin was 

considered because of the selectiveness of the resin towards Ho in tacky swab and 

filter paper samples. However there are excess Fe3+ cations in steel samples and these 

may compete for retention on the resin. The retention of similar charged cations was 

illustrated in tacky swab method development experiments. It is therefore strongly 

suggested that Fe is removed from solution before Ho separation is attempted. This 

could probably be achieved by precipitating Fe with ammonia solution at pH 3. This 

pH was suggested because previous experiments have shown that most of the Fe in 

mild steel samples precipitates between pH 2 and 3 whereas Ho precipitates between 

pH 4 and 5 with ammonia solution. Ho could then be either measured on in the 

lanthanide resin slurry or eluted from the resin with a suitable eluant such as citrate or 

oxalate. Another possibility for the investigation into the separation of Ho from steel 

was by elution of a cation exchange resin with HCI and HN03. The method was 

reported in the literature using 2 mol dm·3 HCI to elute Fe and Co from the resin 

followed by 8 mol dm·3 HN03 to elute the rare earth element[147]. 

Following the application of the successful dissolution and separation methods to 

mild steel it would be appropriate to apply these methods to radioactive low alloy and 

boron containing steel samples to obtain additional data for the l08m Ag and 94Nb 

radionuclide inventory for these waste samples. 

The analysis of stainless steel dissolution samples was not successful and a different 

method of dissolution was required. The samples were very difficult to dissolve 

without the addition of HCI which was unsuitable for the method development of Ag 

separation. The investigation of digesting stainless steel samples at very high 

temperatures using microwave digestion techniques is a possibility. 

Further investigations into Decommissioning Waste samples would involve analysing 

Ag, Co, Ho and Nb in two other common types of waste material, concrete and 

graphite. A leaching method is available for concrete samples[l07] and this could be 

performed to leach concrete samples doped with Ag, Co, Ho and Nb. Graphite mostly 
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consists of carbon and therefore cannot be fully dissolved, therefore graphite samples 

would also have to be leached. 

Ultimately the more data that is collected on I08m Ag, 9"Nb and 166mHo activity levels 

in various waste samples leads to better estimations of the levels of these long-lived 

radionuclides remaining in the waste material many years after final shutdown of 

nuclear reactors. 
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Purpose and Scope: 
A study of the effectiveness of separation of Ag, Ho, Co and Nb radionuclides. This will be 
achieved by the addition of inactive carriers of Ag, Co, Ho and Nb to low activity paper and 
tacky swab samples followed by sample dissolution, ion exchange separation and analysis of 
resulting solutions by ICP-OES and gamma spectrometry. 

Step Task Description Responsibility: 

Stage 1 

1 Weigh 2 g of tacky swab I filter paper sample 

2 Place sample into a 250 cm' conical flask carefully with 
tweezers 

3 Add 2 cm' of 1000 mg dm·' Ag, Co, Ho and Nb stock solutions 
to the sample 

4 Add 2 cm' of Fe carrier solution (2 cm' of3.7 g Fe (Ill) nitrate 
in water with 5 cm3 6 mol dm·3 HN03 diluted to 100 cm3 stock 
solution) 

5 Add 15 cm' fuming HN03 (risk assessment referenced in 
BC/GENt) 

6 Cover flask with a watch glass and leave to stand overnight 

7 Add a magnetic stirrer and heat between 80 and 90°C for 1 hour 
with stirring using a hotplate 

8 Allow the solution to cool 

9 Dilute with distilled water (150 cm') 

10 Filter solution through a 47 mm diameter 0.1 !lm pore 
membrane filter using Buchner filtration apparatus 

11 Transfer the filter to a lidded zirconium crucible 

12 Place crucible into a muffle furnace making sure the a small gap 
is left between the lid and the crucible to allow vapours to 
escape 

13 Heat to 500°C for 30 min 

14 Allow crucible to cool to room temperature 

15 Add 1 g ofNa202 to the black residue and place back in the 
muffle furnace 

16 Heat to 600°C for 30 min 
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17 Allow to cool to room temperature 

18 Suspend the residue in 40 cm' distilled H20 1 10 cm' 6 M HN03 

19 Filter the suspension through a 47 mm diameter 0.1 ~m pore 
membrane filter using Buchner filtration apparatus 

20 Combine the filtrate from step 19 with the filtrate from step 10 

21 Dilute to 2000 cm' with distilled water and store in a 
polypropylene bottle 

22 Pipette a small volume of solution (10-20 cm') to a small vial 
and analyse by ICP-DES for added carriers Ag, Co, Ho and Nb 
using Ag, Co, Ho and Nb stock solutions to produce standards 
containing each of these elements at concentrations of 0.5, I and 
3 mg dm·3• Take note of volume used for analysis 

23 Analyse solution by gamma spectrometry using a 500 cm3 

marinelli beaker (count for at least 20000 seconds) 

Stage 2 

24 Prepare lanthanide resin column by weighing 1.65 g lanthanide 
resin and placing in a small plastic column fitted with a base frit 

25 Wash the resin with lOO cm' of 0.15 mol dm" HND3 and allow 
resin to settle 

26 Pump the 2000 cm' solution through the resin using a peristaltic 
pump at a rate of approx. 40 cm3 min'· 

27 Collect solution in a clean polypropylene bottle 

28 Pipette a small volume of solution (10-20 cm') to a small vial 
and analyse by rCP-DES for added carriers Ag, Co, Ho and Nb 
using Ag, Co, Ho and Nb stock solutions to produce standards 
containing each of these elements at concentrations of 0.5, 1 and 
3 mg dm·3• Take note of volume used for analysis 

29 Analyse solution by gamma spectrometry using a 500 cm' 
marinelli beaker (count solution for at least 20000 seconds) 

30 Transfer the lanthanide resin to a 150 cm' top pot and analyse by 
gamma spectrometry (count for at least 20000 seconds) 

Stage 3 

31 Weigh 10 g of AmberIite lR-120 cation exchange resin and 
place in a small plastic column fitted with a base frit 

32 Wash the column with 100 cm' distilled water and allow the 
resin to settle 

33 Pass the solution from step 27 through the resin 

34 Collect the resulting solution in a clean 2000 cm' polypropylene 
bottle 

35 Pipette a small volume of solution (l0-20 cm') to a small vial 
and analyse by ICP-DES for added carriers Ag, Co, Ho and Nb 
using Ag, Co, Ho and Nb stock solutions to produce standards 
containing each of these elements at concentrations of 0.5, I and 
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3 mg dm-'. Take note of volume used for analysis 

36 Analyse solution by gamma spectrometry using a 500 cm' 
marinelli beaker (count for at least 20000 seconds) 

37 Pipette 10 cm' of a 2% w/v solution ofNaN02 onto the resin 
and leave in contact with the resin for 30 min 

38 Elute the resin with a further 190 cm' 2% NaN02 

39 Collect 200 cm' eluate for analysis 

40 Pipette a small volume of solution (10-20 cm3
) to a small vial 

and analyse by rCP-OES for added carriers Ag, Co, Ho and Nb 
using Ag, Co, Ho and Nb stock solutions to produce standards 
containing each of these elements at concentrations of 0.5, 1,3 
and 6 mg dm-3• Take note of volume used for analysis 

41 Analyse solution by gamma spectrometry using a 500 cm' 
marinelli beaker 

42 Transfer the cation exchange resin to a 150 cm' top pot and 
analyse by gamma spectrometry (count for at least 20000 
seconds) 
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TITLE: Investigation of a method for separation of Ag, Ho, Co and Nb 
radionuclides. 

APPROVAL Post 1 Role Name Signature Date 

Reviewedl Reviewerl 
Validated Validator 

Endorsed Site QA Engineer 
(QA Grades 1 and 2) 

Approved Group Head/ 
Team Leader 

Purpose and Scope: 
A study of the effectiveness of separation of Ag, Co and Nb radionuclides in activated mild steel 
samples. This will be achieved by the addition of inactive carriers of Ag, Co and Nb to low 
activity mild steel samples followed by sample dissolution, ion exchange separation and iron 
hydroxide precipitation. Analysis of resulting solutions performed by ICP-OES and gamma 
spectrometry. 

Step Task Description Responsibility: 

1 Weigh between 0.4 and 1 g mild steel sample into a conical flask 

2 Add 0.2 cmj of 1000 mg dm- j Ag, Ho, Co and Nb stock 
solutions 

3 Add 5 cm
j 

concentrated HN03 

4 Heat at 80-90°C for 1 hour using a hotplate for dissolution 

5 Allow to cool and pipette the solution into a plastic vial. Note 
the volume taken 

6 Add distilled water to the flask and pipette this to the same vial 
until 15 cm3 total volume of solution is obtained (to ensure no 
sample loss) 

PART 1 

7 Transfer 5 cm' of solution from the vial to a 100 cm' volumetric 
flask 

8 Add 1 cm' concentrated HF to the flask and dilute to the mark 
with distilled water 

9 Pass the 100 cmj solution through 25 g of pre-washed Amberlite 
IR-120 cation exchange resin (resin washed with 100 cm3 

distilled water) in a glass colunm 

10 Transfer the solution to a plastic bottle for gamma spectrometry 
analysis followed by ICP-OES analysis (Use Ag, Co, Ho and Nb 
stock solutions to produce standards in the range 0.5 to 6 mg dm-
3 each containing 5 cm3 cone. HN03) 

11 Transfer the resin slurry to a top pot for gamma spectrometry 
analysis 

c 
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PART 2 

12 Transfer another 5 cm3 of sample solution from the vial in step 6 
to a beaker containing a magnetic stirrer 

13 Dilute the sample to 50 cm' with distilled water 

14 Add 1 mol dm"' NH3 solution with stirring to adjust the sample 
to pH 9 (between 20 and 25 cm3) 

15 Filter the solution through a 0.1 flm pore membrane filter 

16 Transfer the filtrate to a plastic bottle for ganuna analysis. Add 
1.5 cm3 concentrated HN03 to acidifY the sample for ICP-OES 
analysis and dilute the filtrate to 100 cm3 

17 Transfer the filter paper to a top pot for analysis 

PART 3 

18 Dilute the final 5 cm' of sample to 100 cm' with distilled water 

19 Transfer the solution to a plastic bottle for ganuna spectrometry 
analysis followed by ICP-OES analysis 
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