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Abstract 

The Rare Earth Elements (REE) or lanthanides are a series of 14 elements which follow 

lanthanum in the periodic table, which form the M3+ ion in naturally occurring systems (except 

Ce, which can exist as Ce4+, and Eu as Eu2+). The group is characterised by a decrease in ionic 

radii across the series from La to Lu. The actinide elements, the series which follow actinium in 

the periodic table, have a similar though more significant ionic radii contraction with increasing 

atomic number, resulting in 
,a 

similar ionic radii to the lanthanides in the same oxidation state. 
The actinides, which also occur in the M3+ state e. g. Am, Cm and Cf, have also been found to 

form the suite of solid phases as found for the lanthanides in the carbonate-pH system. 
Predictions about the chemical properties of the radioactive actinides Am and Cm, can therefore 

be drawn from a careful study of the lanthanides and be extrapolated to model actinide solubility 

over the lifetime of a nuclear waste repository (>105 years). 

The REE-Na+-K'-C032"-OH" and the REE-Na+-K+-5042"-OH' systems were investigated in the 
laboratory using a combination of aqueous titrations and batch equilibrium techniques to 
determine the solubility limiting phases that precipitate. The solubility limiting phases were 
isolated and identified by XRD, FTIR and elemental analysis. The stability constants of the 

phases were determined by measuring the concentrations of REE in solution, after equilibrium, 
using flow injection UV, fluorescence and ICP techniques. 

Stability constants for the following phases were determined, REE2(CO3)3. xH2O, REECO3OH, 

REE(OH)3, NaREE(C03)2.6H20, REE2(OH)4SO4, NaREE(S04)2 and CeO2. A study of the 

published stability constants showed a wide variation in data, primarily due to methods of 

preparation of the solid phases. The wide variation between published values for the REE 

hydroxy phases were of particular concern, although these can be explained in terms of 

crystallinity. The stability constants were used to construct stability field diagrams, and predict 

stable phases under conditions of pH, Eh, carbonate, sulphate and sodium activity. From these 

diagrams and associated aqueous data, REE solubility in aqueous solution was modelled. 

Published solid phase and aqueous species databases, compiled for modelling nuclear waste 

aqueous reactions (e. g. using the programme PHREEQE), were critically reviewed. The two 

databases examined, NEA 9 and CHEMVAL 6, showed significant differences between REE 

solid phases and aqueous species. Some equivalent REE species to those of the actinide analogue, 

Am, are also omitted. Suggestions are made to improve the databases and model REE solubility 

in complex natural solutions. 

Aqueous REE, below their solubility limit in carbonate or sulphate solution can be further 

removed from aqueous solution by sorption reactions with mineral surfaces. 
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Glossary 

Actinide the 14 elements (Th-Lr) following actinium in the periodic 

table 

Am americium, element number 95 

An general symbol for any or all actinide elements 
Ce cerium, element number 58 

Cm curium, element number 96 

Eu europium, element number 63 

Lanthanide the 14 elements (Ce-Lu) following lanthanum in the periodic 
table 

Ln general symbol for any or all lanthanide elements 

Nd neodymium, element number 60 

PHREEQE/PHREEQC computer model for geochemical modelling 
REE rare-earth element(s), any of the elements from La to Lu, i. e. 

the lanthanides, often includes the Group 3 element Y, but not Sc 

TIC total inorganic carbonate 
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Chapter 1 

Introduction 



1.1 The hazards posed by transuranic elements in nuclear waste 

Uranium is the heaviest naturally occurring element, however transuranic 

elements (i. e. elements with atomic numbers greater than 92) can be produced 

from uranium by neutron capture followed by ß-particle decay to produce a 

heavier element in a nuclear reactor. The nuclear industry has expanded 

dramatically since the 1950s as nuclear power was thought to be a clean efficient 

method of power generation that did not require vast quantities of fuel. Nuclear 

reactors were also used to produce Plutonium for national weapons programmes. 

The nuclear industry has been beneficial to many nations (e. g. Japan) that do not 

have access to large quantities of fossil fuels to supply the needs of modern 

industrial economies, where over 20% of the world-wide electricity is generated 
by nuclear power (Seaborg, 1993). Even though radionuclides are generally 

considered as hazardous, they do have some beneficial uses apart from energy 

generation. Since radioactive isotopes can be detected at concentrations well 
below that of all other analytical techniques, small quantities of radioisotopes 
(tracers) can be introduced to a system to monitor a reaction at trace concentration 
levels. The use of short-lived radiotracers has also found widespread medical 

applications (Hughes & O'Riordan, 1993) including X-rays as diagnostic 

techniques which reduce the extent of invasive surgery. 

Nuclear reactors are powered by uranium fuel rods that produce heat by the 

controlled nuclear fission of the uranium. The build up of fusion and fission 

products (e. g. 
241Am, 243Am, 244Cm, 242Cm, 144Ce, 155Eu, 60Co, 90Sr 

and 

137Cs) within the fuel rod results in an efficient life-time of between 5 to 7 years, 
after which they must be replaced. The spent fuel rod can be reprocessed and 

reused in the preparation of new nuclear fuel rods (Quinones et al., 1996). Thus, 

96% of the fuel rod is returned to the nuclear fuel cycle as uranium. Plutonium 

forms a further I% of the spent fuel, which can be separated either for use in 

reactors or military projects. However 3% of the initial fuel rod is left as waste 

fission products. In addition there has also been overproduction in the amount of 
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Plutonium required for military and civilian use, which will ultimately be treated 

as nuclear waste if alternative uses cannot be found (Krauskopf, 1988). 

Nuclear power was originally promoted as a clean power source as the nuclear 

waste products are contained within the reactor, whereas the burning of fossil 

fuels fossil fuels emits chemicals into the atmosphere causing acid rain, smog 

and greenhouse effects,. However, the fission products (e. g. 60Co, 90Sr, 137Cs, 

'44Ce and 155Eu), are themselves radioactive and produce significant amounts of 

heat from y and ß-particle decay. These radioactive emissions can also cause a 

wide range of biohazards as excessive exposure breaks can lead to the promotion 

of free radical reactions, resulting in carcinogens, cell damage and mutations 

(including genetic mutations). Exposure to radiation is however a natural hazard 

(e. g. from the exposure to radon gas near granite bodies in S. W. England or 

cosmic radiation), but nuclear waste poses a more significant concentrated, 

unwarranted hazard. Radioactive wastes must therefore be disposed of safely and 
isolated from the biosphere to prevent any direct health risks. 

The skin does form an effective barrier that stops the absorption of radionuclides 
into the body, however radionuclides can enter the body through open wounds, 
inhalation and ingestion (Smith, 1992). Once in the body, radionuclides 

continue to undergo spontaneous fission reactions, releasing energy through the 

production of a and ß particles and y-radiation (Table 1.1). P and y radiation is 

highly penetrative and will pass through body tissues. Exposure to ß-y emitters in 

the environment will therefore be hazardous without being ingested, emissions 

from ingested ß-y will also pass out from the body, causing less damage than if 

all the energy and particles were entirely absorbed by body tissues. Alpha 

particles are too large to pass through the skin and consequently are significantly 

more hazardous than ß-y emitters, if an a-emitter has been ingested all a-particles 

are absorbed by body tissues. 
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All of the transuranic elements are part of decay series in which each daughter 

product also emits a-particles (Figures 1.1 and 1.2). If transuranic nuclides are 

ingested most will pass out of the body relatively quickly, depending upon their 

chemical speciation and solubility in bodily fluids, however a portion of the 

ingested transuranic elements are retained to varied extents within body tissues; 

90% of the absorbed Am and Pu is retained within the liver and bones, the 

remaining 10% is distributed throughout the body. When Am and Pu are retained 

within body tissues, they have retention half-lives' of at least 40 years and the 

continued ingestion of even trace quantities of radionuclides will be an 

accumulative hazard. 

Even if all anthropogenic nuclear activities ceased immediately, there is still a 
significant volume of waste products (including the decommissioning of all 
related buildings) that must be disposed of securely in an environment that 

prevents significant contamination of the environment by hazardous 

radioisotopes. Most of the spent reactor fuel is composed of U and Pu isotopes 

with lighter fission products, however the neutron bombardment process that 
forms Pu can produce further fusion reactions that gives rise to the formation of 

even heavier elements such as Am and Cm. These heavier transuranic elements, 

are not naturally occurring and all have unstable isotopes. 

Figure 1.1 The decay series of some Am and Cm isotopes 

I. 245Cm Za'pu Za i 237Np 233U 229Th 

2.242 242Cm 238Pu 234u 230Th 226Ra 

3.243 239Pu 235Uý 231Pa 
> 

227Ao 

after Allard et aL, (1984) 

The nuclear fusion and fission products that form as waste products from the 

spent nuclear fuel can be long-lived, with half-life's in the order of 104 to 106 

years (Table 1.1). Even though Am and Cm are produced directly in nuclear 

reactors they can be continuously produced e. g. from the ß-decay of 241Pu to 
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24'Am (Figures 1.1 and 1.2). Thus, the radiological hazard of some transuranic 

elements will increase over a 102 to 104 year time period. In addition to the 

hazards of each transuranic element, each daughter product will continue to be 

radiologically hazardous, until a stable isotope forms at the end of each decay 

series. Most of the daughter products are also heavy metals (e. g. Pb, Bi and Po) 

and therefore although a minor factor, compared to the radiological hazard they 

are likely to be toxic. 
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Figure 1.2 The production and decay series of 24 1Am (Greenwood & Earnshaw, 

1984) 
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If nuclear waste is disposed of in a closed repository, the distribution and 

mobility of radionuclides will be controlled by reactions with the aqueous system. 
The most serious biological hazards are from the ingestion of water contaminated 
by the radionuclides, or from food sources similarly exposed. Other hazards are 

caused by contamination from the direct exposure to radiation in the vicinity of a 

waste repository and the possibility of inhalation of gaseous radionuclides, such 

as 3H and 121I. Restricting access to the repository site can reduce these factors. 

For the most active waste, deep burial has been proposed, using a geological 
barrier to isolate the waste from the biosphere (Chapman, 1995). 

The activity of an isotope is described in becquerels (Bq) defined as the number 

of disintegration's per second (equation 1.1) 

activity(Bq) =X N° of atoms (1.1) 

activity/dm3 =% . (6.022x1023). (concentration/mols dm 3) (1.2) 

_ 
Ln2 () 

half-life(seconds) 
1.3 

where X is the decay constant for that isotope. 

An isotope with a short half-life will be more active than an isotope with a long 

half-life (Table 1.1). Thus a smaller concentration of the short half-life isotope, 

will be required for the same activity as a longer lived isotope. However, the 

shorter lived isotopes will decay faster and if containment is required for 10 half- 

lives (Chapman, 1995) then for example, 60Co, 90Sr and137Cs will have decayed 

to levels that are no longer biologically hazardous in under 500 years, whilst 

longer lived transuranic elements remain hazardous for at least 106 years. 

The Annual Limit on Intake (ALI) for radiation workers, and the aqueous 

concentrations required to contain the ALI by ingesting one litre of solution are 

shown in Table 1.1 (and calculated from equation 1.2) for selected isotopes. The 

ALI for 243 Am and 245Cm (half-life's 7370 and 8500 years respectively) would be 

contained within one litre of a 10-8M solution, this reduces to 10'1°M solution for 

isotopes with half-life's of less than 450 years, e. g. 241Am and 243Cm. These 
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concentrations are at or below the detection limit for most analytical techniques 

(e. g. ICP-MS, with a detection limit between 10"8-10-9M for Nd) and are not 

routinely considered in water quality analyses. The ALI can also be reached by 

ingestion of larger quantities of more dilute solutions, i. e., only a total of 10-8 

moles of 24 1Am can be ingested annually without any serious health risks. 

1.2 Nuclear Waste Disposal 

Nuclear waste is usually segregated into three types, (i) High Level Waste 

(HLW) from the actual spent reactor fuel rods, including fission products such as 
Co, Sr, Cs and some lanthanides. (ii) Intermediate Level Waste (ILW) is 

material which was directly exposed to HLW, typically the fuel rod cladding 

used in the storage and transport of the HLW, or used in the production and 

refinement of Pu. Pu itself is classified as ILW. (iii) Low Level Waste (LLW) 

can include short-lived isotopes and any other material that has been exposed to a 

radiation source other than that directly produced in reactors. Typically low level 

wastes are derived from medical sources and laboratory debris. ILW and LLW 

may include transuranic elements as radioactive waste is classified by the total 

activity per tonne, (Bq/tonne) (Table 1.12). Thus Pu, Am and Cm must be 

considered in all models of waste containment and dispersal. 

LLW was initially stored in shallow trenches or bunkers with a soil cap, or has 

been mixed with other domestic waste in landfill sites assuming that health risks 

would be minimal except from long term exposure. However, these systems 

have proven to be unsatisfactory especially for the volume of waste currently 

produced, and purpose built LLW repositories have become necessary 

(Chapman, 1995). There are currently no HLW or ILW repositories, which are 

still in the design and potential site characterisation stage, but some surface LLW 

repositories (e. g. The British Nuclear Fuels plc LLW repository at Drigg in 

Cumbria UK) are in operation. 
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Table 1.2 Classification of radioactive waste, after Chapman (1995) 

High Level Waste (HLW) 

Generate significant heat from radioactive decay 

Spent fuel or products from the immobilisation of highly active liquid wastes 
from fuel reprocessing 

Activity range 1016-1018 Bqf' 

Low Level Waste (LLW) 

Less then 4x10 Bqt a-activity; less than 12x10 Bqf ß-y activity 

Most bulk waste, with lower activities than the a and ß activity levels set for the 

LLW limits 

Intermediate Level Waste (ILW) 

All waste with activity levels between HLW and LLW 

The disposal of radioactive waste is currently considered a two stage process. 
Firstly, concentration and isolation from the environment and groundwater 

system in a multi-barrier containment system (the near field) until a significant 

amount of the radioisotopes have decayed, and secondly, the slow dispersal and 
dilution, when the near-field containment system fails, through a geological 
barrier (the far field). Most of the LLW inventory will contain isotopes with half- 

lives of less than 102 years that will decay before the repository (near field 

containment) has been breached. Thus, the majority of the LLW inventory is 

considered to have decayed to safe levels, So the geological barrier is not required 
for LLW disposal. 

A multi-stage containment system has been proposed for the near field 

containment system (e. g. Angino, 1977, Bennet & Doyle 1997 or Chapman, 

1995). HLW may be vitrified into a borosilicate glass, then mixed with a grout 

in steel containers. ILW and LLW may be immobilised directly into a cement- 
based grout and compacted to reduce the volume of waste without the vitrification 

stage. The initial stage immobilises the radionuclides into a solid matrix 

contained in steel containers, which are resistant to degradation and also shields 
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the effects of radiation. The steel containers and supporting matrix ( of concrete) 

are contained in reinforced concrete silos with further engineered barriers 

composed of clay layers interspersed with crushed rock and sand layers. The 

concrete consists of an aggregate phase of flyash or gravel mixed with ordinary 

Portland cement (OPC), composed of calcium hydroxide and hydrated calcium 

silicates and calcium aluminates. The concrete structurally supports the steel 

waste containers and maintains a high pH environment around the waste, initially 

minimising the corrosion of the steel containers and ensuring a low aqueous 

solubility of the radionuclides after corrosion has occurred. 

In near surface LLW repositories the emphasis is upon limiting the infiltration of 

water into the near field environment by a combination of barriers. Low 

permeability layers such as compacted clay are interspersed with conductive 
barriers, such as a permeable sand layer that use capillary forces to divert water 

away from and around the waste. A vegetation layer can further control water 

percolation and the engineered geometry of the capped system can enhance 

surface run off. In surface LLW repositories drainage channels are commonly 
built beneath the repository to channel any infiltration water, allowing any initial 

radioactive discharge to be monitored before back filling of the drainage system 

and final closure of the system. 

Long lived isotopes of U and Pu will form the dominant proportion of ILW. 

Isotopes of these elements have half-life's (from 105 to 109 years), thus the near- 

field containment system can be expected to be breached before the radionuclide 

inventory has decayed to safe levels. Intermediate level waste repositories will 

require an effective far field barrier, ideally formed by a stable geological 

environment with little or no fluid flow. The geological barrier must be deep, 

with low ground water flow rates that ensure any radionuclides released from the 

near-field environment are sufficiently retarded, so when dispersed throughout 

the far field they do not pose a significant threat to the biosphere over time 

periods greater than 107 years. 
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The long-term stability and low groundwater flow rates at the far-field 

environment are considered more important than rock-type alone. A range of 

rock types have been considered, these include; (i) hard rock environments that 

can be shown as stable over the time periods required, from constructional and 

engineering considerations. (ii) Argillaceous rocks (clay sediments and 

metasediments) have low fluid flow rates, that may be by diffusion therefore 

enhancing the sorption capacity of the host and (iii) evaporite deposits such as 
halite which have little internal structure and fractures are self sealing. 

Another factor to consider is that high and intermediate level waste and their 
fission and decay products contain a, ß and y emitters that produce large amounts 

of heat, therefore unlike LLW, HLW must be allowed to cool down before any 

processing and disposal can begin to be considered. Significant heat generation 

will continue throughout the lifetime of a repository with HLW and ILW, so 

elevated temperatures must be considered when modelling disposal scenarios. 

1.3 Characterising the chemical properties of radioisotopes 

The elements U, Th, Cs, Sr, Co, Pb and H occur naturally as stable isotopes (or 

in the case of U and Th the isotopes are unstable but have half-lives of the order 

of 109years). Their chemical properties can be easily determined from short term 

laboratory and field experiments or by the examination of geochemical conditions 
in geological regimes (Menger et al., 1994, Read et al., 1991) to characterise the 

long term processes these elements will undergo in potential disposal systems. 

These natural systems are not readily available for the transuranic elements 

(except for the Oklo Natural Reactors, Hidaka et al., 1994) as they have only 

existed in significant quantities for a half-century. They are present in the 

environment in minute quantities, as by-products of atmospheric nuclear 

weapons testing (Allard et al., 1984, Simpson et al., 1980 & 1982) and therefore 

their geochemical properties are largely unknown. There has been some field 

studies based on leakage from existing nuclear waste storage and repositories (e. g. 
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Guillamont, 1994, Saunders, 1995 or Stockman, 1998). The transuranic 

elements are a-particle and y-emitters, thus laboratory experiments are 

hazardous, so by necessity experiments must be on a small scale using only trace 

quantities in dilute solutions (e. g. for Am and Cm). 

The comparison of trends between elements across the periods and within each 

group of the periodic table has shown that the chemical properties of the 

transuranic elements can be inferred by comparisons with other elements with 

similar properties such as outer electronic structure, oxidation state and ionic 

radii. The rare-earth elements (REE) are a naturally occurring group of 14 

elements that follow lanthanum in the periodic table. All the REE form the M3+ 

oxidation state in aqueous solutions and have a similar ionic radii to Am and Cm 

when in the same oxidation state. Therefore the REE can be considered as natural 

analogues to the M3+ transuranic elements (e. g. Choppin, 1986, Come & 

Chapman, 1987, Krauskopf, 1986 and Lepel et al., 1989). 

1.4 The REE as chemical analogues for Am and Cm 

The terms rare-earth elements (REE) and lanthanides (Ln-any/mixture of 
lanthanides) are almost synonymous and are used to describe the fourteen f-block 

elements Ce to Lu which follow the group 3 metal lanthanum, but before group 4 

(Hafnium) of the Periodic Table (Figure 1.3). However traditionally the term 

REE also includes the group 3 metals La and Y. The REE were first isolated by 

leaching from phosphate minerals, to leave a mixed REE oxide (or earth). The 

REE were also originally mistakenly thought to be rare compared with other 

elements, this was mainly due to initial analytical difficulties, and because the 

REE predominantly occur at trace quantities within most primary mineral phases. 
However they cannot accurately be described as rare, as Ce is in fact the 26th 

most abundant element (Greenwood & Earnshaw, 1984, Meucke & Möller, 

1988 & Morteani, 1991). 
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Promethium (Pm), the fourth lanthanide element is the only REE not naturally 

occurring, but is found as a fission product in nuclear reactors. La and Y are 

often considered as REE in geochemical literature as they occur together in 

natural systems, have similar properties and same outer d' electron structure in 

the ground state. Sc, the first group 3 metal is not considered as a REE because 

of its significantly smaller ion (Table 1.3), Sc does not follow the general group 

trends. The term lanthanide is commonly used to describe the REE (especially in 

chemical literature), as La immediately precedes the series in the periodic table, 

and the symbol Ln has come into use to describe a general reaction applicable to 

any lanthanide element. Similarly the metals with a 5f structure following the 

group 3 metal actinium, are commonly called the actinides, with the general 

symbol An to describe a reaction or elementapplicable to any actinide element. 

Table 1.3 The ionic radii of selected (6 co-ordinate) M3+, group 3, lanthanide 

(40 and actinide (50 ions (Greenwood & Earnshaw, 1984): 

Group 3 4f 5f 

Sc 74.5pm Ce 103.2pm U 102.5pm 

Y 90pm Nd 98.3pm Pu 100pm 

La 103.2pm Pm 97pm Am 97.5pm 

Ac 112pm Eu 94.7pm Cm 97pm 

Lu 86.1pm 
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1.4.1 General chemical and physical properties of the lanthanides and 

actinides 

The REE(III) have almost identical properties. Any fractionation (e. g. caused by 

slight differences in chemical properties) within the group is attributed to the 

"Lanthanide contraction" which is the decrease in the ionic radii across the series 

from Ce(III) to Lu(III). The f-block elements of the periodic table are unique in 

that the maximum of the 4f-charge density functions is well within the outermost 

5s2 and 5p6 electrons, thus the 4f-electrons are shielded from the surrounding 

environment. The 5s and 5p-orbitals however penetrate the 4f sub-shell and 

consequently are not shielded from the increasing nuclear charge along the series, 

resulting in an ionic size contraction from Ce to Lu (Cotton 1991). Most of the 

4f-electrons remain towards the core of the atom and do not take part in any 

bonding or ionising events. In the ground state the 5d electron may become 

incorporated into the 4f orbitals, but will generally be available with the outer 6s 

electrons to form the Ln(III) ion. These three electrons are available for bonding 

or forming ions thus, the REE all have very similar chemical properties, i. e. 

there is a strong tendency to form Ln(III) ions, rather than covalent compounds, 

which differ only slightly in their densities and ionic radii. It is probably this 

factor more than any other that has contributed to the 4f and 5f-block elements 

being considered as analogous. The elements with 5f electrons behave in a 

similar manner to the 4f-electrons although there is a much larger contraction than 

for the lanthanides due to the presence of filled 4f-orbitals. The Actinides are 

consequently of almost identical size as the Lanthanides (Table 1.4) in the M(III) 

oxidation state (Seaborg, 1993). 

The general similarity in the physical properties (charge and ionic radii) of the 4f 

and 5f elements (Tables. 1.4 and 1.5, Greenwood and Earnshaw, 1984) means 

that the chemical properties are generally regarded as identical for the same 

oxidation state (Choppin, 1995 or Johannesson et al., 1996b). Pm and Am have 

almost identical ionic radii, of 97pm and 97.5pm respectively, but Pm is also 

radioactive with no stable isotopes, thus Nd is considered the closest REE 
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analogue to Am (Petit 1992). The actinides with atomic numbers greater than 96 

(Cm) are also assumed to form as An(III) ions (and so may be considered 

analogous to lanthanides with similar ionic radii), although their extremely low 

abundance means that they are generally ignored in waste disposal scenarios. 

The lanthanide contraction is the controlling factor in all lanthanide chemistry. 

All lanthanides form Ln(III) ionic compounds and they naturally occur as a 

mixture of phosphates, carbonates and fluorides. The lanthanides have little or 

no covalent properties, unlike d-block elements where overlapping partially 

filled, d-orbitals are involved in bonding allowing some covalent characteristics. 

Other oxidation states do occur for lanthanides under specific conditions, but not 

to the same extent as seen in the actinides (e. g. Uvt and NpvII occur). The 

variation in oxidation states for the lanthanides is attributed to the Tetrad effect 
(McLennan 1994) which suggests that Ln(IV) and Ln(II) compounds do exist 

under appropriate redox conditions. These form due to a slight increase in 

stability by minimising electron-electron repulsion when the f-orbitals are empty, 

'-filled, 
2-filled, ä- 

filled, or completely filled. For example Ce(IV) has a 4f 

structure (empty f-orbital) compared with Ce(III) with a 4f' structure. Eu(II) has 

a 4f7 structure (1/2-filled f-orbital) whilst Eu(III) has a 4f6 structure. Ce and Eu 

are the only naturally occurring examples of the tetrad effect, although other 

examples can be synthesised under laboratory conditions. LnO2 (solid) has been 

isolated for Ce(IV), Pr(IV) and Tb(IV) by heating under oxygen. CeF4 is the 

only lanthanide(IV) fluoride known, and there are no known LnCl4 as the 

chloride is oxidised to C12. There is also a range of aqueous Ln(IV) complexes 

such as Ce(C03)32" and Ce(N03)62" . Eu(II) and Yb(II) 4f14 structure are formed 

under reducing conditions but are not stable in aqueous solutions where they are 

easily oxidised to Ln(III). 

17 
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1.5 REE geochemistry 

The study of REE geochemistry has mainly examined the relative changes to each 
REE in geological samples and aqueous environments. A general decrease in 

natural abundance along the 4f period is observed in conjunction with the Oddo- 

Harkins effect (Harkins, 1950) which reflects the existence of higher 

concentrations of those elements with even atomic numbers. Direct REE 

comparisons between samples is achieved by normalising each rare earth 

concentration using the primordial abundance found in chondritic meteorites 
(Table 1.6), for primary (crystallised from a molten source) rare earth material, 

or by normalising with shale composites for secondary (altered) rare earths. The 

normalisation results in a smooth profile of the REE, so their relative 
fractionation (due to ionic radii) can be compared directly between samples 
(Figure 1.4) independently of actual elemental abundance's. 

Table 1.6 REE abundance's (ppm) commonly used for normalisation: 

Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu 

i . 865 - . 630 
. 203 

. 
077 

. 276 - . 343 - . 225 - . 220 
. 
0339 

ii 73 7.9 33 5.7 1.24 5.2 0.85 - 1.04 3.4 0.50 3.1 0.48 

i, average chondrite, Nakamura (1973) 
ii, North American Shale Composite (NASC), Haskin et al., (1968) 

Applying the chondrite normalisation represents changes relative to the bulk earth 

content, while applying the shale normalisation gives changes relative to the 

crustal REE composition, showing elemental differentiation through time. Most 

geological studies involving the REE use these normalised profiles to show the 

relative enrichment (or depletion) of the Light REE (LREE) La-Eu, compared to 

the Heavy REE (HREE) Gd-Lu. This provides a general indication of the source 
depositional or solution conditions involved, for example Eu anomalies indicate 
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feldspar involvement when Eu(II) substitutes for Ca into plagioclase feldspar 

(Wilson, 1989). 

a 

ä 
4 

0.1 

" NASC 
Chondtdes 

t'. 

b 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho E( TmYb Lu 

Fig 1.4 

a, REE NASC/Chondrite profile 
indicating that the total REE is 

enriched especially the LREE 

during weathering and alteration 

processes. 
b, Chondrite and NASC (shale) 

REE abundances. After 

Nakamura, (1973) and Haskin et 

al., (1968) 

The REE'47Sm isotope (half-life of 1.06 x 109 yrs) is naturally occurring and 
decays to 143Nd. Sm-Nd isotope data has also been used as a primary source 

indicator, as the isotopes are assumed not to be fractionated during alteration 

processes. However this premise has recently been questioned after in-depth 

studies of mineral phases (Wilson, 1989). Interest in the REE has increased with 

the widespread application of ICP-MS techniques, that can analyse all the REE in 

a single sample. The results of which indicate relative enrichment or depletion of 

REE related to environmental changes. 

Geological studies have concentrated on the presence of either mineral phases or 

solution species, without trying to link them, or considering both factors within 

models, (unless in very loose or general terms). Mineral assemblages are studied 

at temperatures of formation from 100° to 800°C, e. g. during hydrothermal, 

21 



magmatic or metamorphic events where assemblages are readily available (e. g. 

Klinkhammer et al., 1983 & 1995, Lehmann et al., 1994 or Pan et al., 1994). 

Solution studies are mostly used to determine the common surface conditions of 

rivers, - lakes and oceans, although some theoretical extrapolation from low to 

high temperatures can be found in the literature (Haas et al., 1995, Michard, 

1989 or Wood, 1990b). Geological rock and solution studies commonly involve 

the analysis of REE, but the data are often presented as normalised profiles to 

indicate partition between crystals, melts and solutions. These studies are aimed 

at showing fractionation between the REE due to the slight size difference in ionic 

radii. For example, the HREE tend to partition into crystals from a melt to a 

greater extent than LREE to leave the melt relatively enriched in LREE, but the 

HREE are also more soluble in aqueous solutions than the LREE. The actual 

relative partitioning will depend on the actual mineral phases involved e. g. Eu2+ 

for Ca2+ in feldspars, HREE into garnets and zircons, MREE into clinopyroxene 

and LREE into feldspars and apatitite. Such normalised profiles have little 

bearing on absolute concentrations within phases. For example, Ce, the most 

abundant REE, often has the highest concentration of all phases present even 

though the normalised profile indicates depletion relative to other REE, 

especially in seawater (Elderfield & Greaves, 1982). 

1.5.1 REE mineralogy 

REE can be found as substituted cations in most mineral phases, but specific 

REE minerals do exist mostly as secondary alteration or hydrothermal minerals 

(Burt, 1989). Primary monazite (LnPO4) can be found in granites and remains 

stable during weathering processes to accumulate as monazite sands of ore 

quality. REE substitution is dependant upon the co-ordination number of the host 

mineral which controls the fractionation between the REE, as the LREE have co- 

ordination numbers from 7-12, while the HREE have co-ordination numbers 

from 6-9 as a result of ionic radii contraction. 
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The LREE commonly substitute for Ca(II) and Th(IV) requiring the co- 

substitution of Na to charge balance the system. This is demonstrated by co- 
leaching of REE and Na from apatites (Lieftink et al., 1994). The HREE 

substitute for Y, Mn(II) and Fe(II). HREE dominated minerals are actually Y 

based due to their similar size and chemical properties. Most REE bearing 

minerals thus tend to be either LREE or HREE enriched. This is more commonly 

the case for the most simple minerals, such as phosphates, where two end- 

member Ce and Y minerals do exist; monazite-(Ce) (9-co-ordinate) which is 

LREE enriched and xenotine-(Y) which is HREE enriched (Figure 1.5). 

I 

w 

A 
z 0 x 

1ý 

-o XENOTINE 
A MONAZITE 

Ce Pr Nd Sm1 the I 

REE IONIC RADII 

Fig 1.5 

Comparison of the REE 

content between two 
(chondrite-normalised) 

REE phosphates (LnPO4). 

Monazite LREE enriched 
Xenotine HREE enriched 
both minerals show a 

strong negative Eu anomaly 

The negative Eu anomaly represents the reduction of Eu(III) to Eu(II) in the 

source environment and preferential extraction into feldspars e. g. by substituting 
for Cat+, subsequently Eu is unavailable when the other REE phosphate minerals 

crystallise (Bau, 1991). Eu geochemical properties are therefore strongly 

dependent on the redox conditions. 
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More complex REE minerals include at least two cations in different oxidation 

states, charge-balanced by differing amounts of Al and Si. Over 90 REE 

minerals are known (not including those formed by substitution into other mineral 

phases such as garnets and epidote). The substitution within minerals is often 

coupled, and takes place over all co-ordination sites by different elements (not 

just the REE), these minerals are less discriminating between the LREE and 
HREE, but rather reflect the total chemistry and conditions of formation. 

Primary REE minerals tend to comprise REE substituents in the common rock 
forming and accessory minerals, such as zircon, apatite, allanite (epidote) and 

aegrine (pyroxene). These minerals do form a core to other more exotic specific 
REE minerals produced during alteration processes, (Bogoch et al., 1992) 

The most common secondary REE minerals are the fluorocarbonates (Table 1.7). 
William-Jones and Wood, (1992) have developed stability fields and solid 

solution series for the Ca-REE-C032'-F' system, involving the minerals 
bastnaesite (the main REE-ore), parisite, synchysite, fluocerite and fluorite and 

are the most common REE rich ores, usually associated with calcite. Their 

calculations from thermodynamic data and field observations show pressure, pH, 

and Ca activity (with minor contributions from the F'-C032- activities) dominate. 

Table 1.7 REE/Ca and REE/anion ratio for the common REE minerals 

Mineral Formula Ln Ca C03 ' F' 

Synchysite LnCa(C03)2F 1 1 2 1 

Parisite Ln2Ca(C03)3F2 1 1 /2 3/2 1 

Bastnaesite LnCO3F 1 0 1 1 

Fluocerite LnF3 1 0 0 3 

Ln-any lanthanide/REE 

If free CaCO3 (calcite) is present then bastnaesite is not expected in the 

assemblage. Instead parisite and synchysite are found adjacent to the wallrock (a 
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possible source of Ca), while bastnaesite is usually found in the centre of veins 

where calcite is depleted or is not present. However, bastnaesite is more 
thermally stable than parasite and synchysite, and is found in higher temperature 
formations. Substitution is possible for all REE, calcium and fluoride ions within 
the minerals. Most minerals have a REE content in the order of Ce>Nd-La with 

a minor contribution from the remaining REE, reflecting their natural relative 

abundances (Table 1.6). 

The system is further complicated as the decreasing ionic radii of the REE 

present, decreases the thermal stability of the mineral. For hydroxybastnaesite, 

LnCO3OH, the pure La-endmember is stable above 550°C whilst for the Er- 

endmember there is a maximum thermal stability of only 400°C before 

decomposition. 

1.5.2 REE in geological systems 

Geological case studies of REE are based upon observing mineral assemblages 

within rocks and veins and inferring the conditions of formation. However, it is 

difficult to determine exact fluid constraints and these have largely been ignored, 

except in general terms of the bulk chemistry of the fluid involved. 

In primary igneous systems the REE substitute into all the major mineral phases 

to a small degree, but especially into pyroxenes, amphiboles and garnets. Any 

remaining REE partition into the accessory minerals such as apatite Cas(P04)3F 

and monazite (Ce, La)P04, (which concentrate the LREE), and xenotine YPO4 

(which concentrates the HREE). However, even when extreme fractionation 

occurs each mineral will contain a mixture of all REE. The extent of partitioning 

is defined as the Kd value (equation 1.4) and shown in Table 1.9 

Kd _ 
Concentration in mineral (1.4) 
Concentration in Liquid 
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In most of the rock forming minerals the REE are incompatible (i. e. Kd < 0.1) 

except for garnet (Table 1.8), which can strongly control REE release into mantle 

melts giving LREE enriched basalts. In most igneous rocks the REE are mainly 
found in trace amounts in all minerals but concentrate slightly into the last 

crystallising fraction to form accessory minerals such as apatite, monazite or 

zircon. Primary zircons are found in chondrites but only with Ce in the Ce(III) 

state (Ireland & Wloztka, 1992). Terrestrial zircons do have a small amount of 
Ce(IV) substituting for Zr(IV) to give strongly enriched Ce anomalies if formed 

in an oxidised environment (Henderson, 1984). 

Table 1.8 Typical Kd for some rock forming and accessory minerals 

Ce Eu Eu* Yb 

Olivine 0.001 0.002 0.002 0.002 

Clinopyroxene B 

A 

0.1 

0.5 

0.2 

1.6 

0.3 

1.8 

0.28 

1.6 

Garnet B 

A 

0.02 

0.4 

0.32 

1.5 

0.35 

6.5 

4.0 

40 

Plagioclase B 

A 

0.10 

0.3 

0.3 

2.1 

0.06 

0.1 

0.03 

0.1 

K-Feldspar 0.04 1.1 0.01 0.01 

Apatite 35 30 60 25 

Zircon 2.5 3 8 300 

after Hanson 1977 (B-basaltic, A-intermediate/acidic, Eu"-Eu interpolated from adjacent REE) 

The normalised REE fractionation profile is an important tool for determining 

changes in the source environment of mineral phases. Kerr, (1995) uses whole 

rock REE profiles in basalts related to the Iceland plume from Greenland to Skye, 

to determine the fractionation within the mantle source for these related Tertiary 

basalts. The REE normalised profiles are similar over the entire sample area as 

primary basalt chemistry is very source dependent. The REE are further 

concentrated into any subsequent re-melting or fractionation, shown by the 
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increased concentration of REE in minerals in acidic igneous rocks compared 

with the same mineral in basaltic rocks. The normalisation constants from 

chondrite to shales do indicate that significant fractionation does occur. The 

relative proportion of accessory minerals also increases, as these minerals tend to 

melt first and crystallise last therefore concentrating in the partial melt fractions. 

REE within granites become concentrated almost entirely into single mineral 

phases , to the extent that feldspars contain 80% of the total Eu and monazite up 
75% of the LREE in the Carnmenellis granite of SW England (Smedley, 1991). 

Primary REE ores are rare and are only seen in carbonatites which have high 

concentrations of incompatible elements. Their mineralogy is dominated by 

carbonates, phosphates and fluorides. Carbonatites mostly form as pods within 

other silicate bearing rocks, thus allanite (Ce-bearing epidote) often occurs with 
bastnaesite monazite and other rare earth minerals. REE carbonatite 

mineralization often occurs with enrichment of other incompatible elements such 

as phosphates, resulting in REE strongly partitioning into the carbonate phase 
(Woolley et al., 1991). 

Weathering and diagensisis can also enrich or fractionate the solid phase REE 

content (Condie et al., 1995, Macrae, 1992) as the bulk of weathered REE are 

contained in alteration products (clays). REE are even removed from solution by 

adsorption reactions to be incorporated within clays with HREE enriched by 100- 

200% (Walter et al., 1995). The REE are then transported in particulate form to 

be deposited as shales without going into solution (Sholkovitz, 1992). REE 

bearing sandstones contain monazite as the REE host (as substitution with quartz 

does not take place). 

Late stage fluid action is a common method of mineralization e. g. in the Rodeo 

de Los deposit Argentina (Lira & Ripley, 1991) the host monzogranite is altered 

to fenite by Na-K rich fluids through a process of removal of Ca2+ and H+ with 

concordant replacement by KK and Na+ . The original feldspars are 

replaced/altered to perthite and albite whilst biotite is destroyed. The Ca2+ is 
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found in localised enriched pods (syenites) with much of the REE mineralization. 
This mineralisation takes place in three stages as the fluids cool. 
1. allanite, britholite and aegrine in quartz veins. T>450°C 

2. alteration of britholite to bastnaesite with calcite-fluorite veining. 
271 <'T<340°C. 

3. Late stage calcite-fluorite veining, with alteration of earlier assemblages. 
T<200°C 

REE concentration is mainly achieved through hydrothermal fluid action typically 

at temperatures between 100° and 400° C, although primary ores are still found in 

carbonatites, where precipitation of the REE minerals bastnaesite, synchysite and 

parisite occurs through fluid interaction with wallrock. These enriched REE 

solutions can be observed from hydrothermal vents at mid ocean ridges (Michard 

et at, 1983). The exact REE mineralogy that forms is dependent upon the 

variations in calcium and carbonate activities. Ngwenya, (1994) suggests that 
because only synchysite forms in veins hosted by apatite within the Tundulu 

Complex Malawi then there is an excess of Ca present, and bastnaesite 

predominates in areas of ankerite (Ca(Mg, Fe)(C03)2) carbonatites, i. e. the 

reduction in available Ca determines the REE minerals formed. Field relations 

show this depletion within the solution as veins form in the order Synchysite- 

Parisite-Bastnaesite from the wallrock to the centre of the vein, indicating 

depletion of calcium and carbonate within the solution. The Bayan-Obo REE-Fe- 

Nb ore deposit (Chao et at, 1992) is also dependent upon the host rock, as where 

carbonate bands contain both monazite and bastnaesite ores, quartzite hosted ores 

are mostly aegrine-bastnaesite and biotite zones containing REE within biotite 

and magnetite. Sedimentary (beach and dune) placer deposits of monazite 
bearing sandstones were, until 1965, the main source of bastnaesite. 

The above examples do indicate that REE are mobile under certain conditions. 
Under most metamorphic conditions, where fluid/rock ratios are greater than 1, 

REE are relatively immobile and tend to be incorporated into the newly forming 

metamorphic minerals. Greenstone belts (altered from seafloor basalts) tend to 
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have similar REE profiles to modem basalts, with the REE included in chlorite 

and other clay phases formed during the alteration process (Menzies et al., 1979). 

REE are mobile under hydrothermal conditions, or where large water/rock ratios 

are involved, but even then in quantities much smaller than found in the host 

rock. The type of fluid can also be important in fractionating and redistributing 
REE. Na based alteration has been observed at temperatures between 65-120°C 

and at depths of 2-5Km in the North Sea Basin (Munz & Wayne, 1994) which 

suggests that the temperature of the fluid is not the only controlling factor, as 
fluid content and volume are also important. HREE are susceptible to 

complexing in CO2 rich fluids. McLennan and Taylor, (1979) found HREE are 

enriched in U ores. Fluid inclusion data show these mineralisation conditions 

were oxidising, below pH 7 and less than 100°C. The HREE enrichment is 

attributed to complexing with carbonates where U is oxidised to the soluble 
U(VI) form. Mineralisation takes place when the ore fluid is degassed on 

entering cavities in the sedimentary host. 

Most geological studies can not determine the distance REE travel in solution 
before deposition, though altering greenstones and fenites do indicate whole rock 
REE content does not vary (Martin et al., 1978). Some studies suggest source 

material can be derived from large areas. Bouch et al., (1995) examined diagenic 

francolite (carbonate-apatites ) overgrowths around detrital apatite grains in 

sandstones and found Ce-enrichment ( up by 1 wt% Ce203), in the francolite 

which cannot be explained by dissolution of the apatite cores. These near surface 

alterations suggest a strong complexing agent in solution. Organic complexing 
has been suggested due to the lack of suitable inorganic anions. In extreme 

water/rock ratio conditions, such as during dehydration of pelites, then anion 

content is important (F', C032', OH'), and often controls the preferential removal 

of the BREE. 

These studies give an indication of some of the conditions at the fluid-rock 

interface (studies of fluid inclusions and mineral assemblages give the 
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temperature and pressure regimes), but they do not indicate the fluid source, 
distance travelled, time in equilibrium with the hostrock or the fluid content 
before mineralization. 

1.6 REE in aqueous systems 

1.6.1 REE aqueous species 

The behaviour of REE in solution has been reviewed in a series of papers on "The 

aqueous geochemistry of the REE and Y" by Wood (1990a & b, 1993), 

Gammons et al., (1996) and by Millero (1992) using thermodynamically 

measured and calculated data. These studies are based upon single metal 

components in solution, with a variety of inorganic anions, to produce stability 

constants for each of the common complexes formed in the natural system. Table 

1.9 shows the generally agreed, complex stability for the common complexes in 

natural systems: 

Table 1.9 Typical log K stability constants for the formation of the common 

aqueous Ln(III) species at 25°C 

Ln(C03)2* Ln(HPO4)2' Ln(CO3)+ LnOH + LnSO4+ LnF + LnN03 + LnCI + 

Ce 11.50 8.34 6.95 5.60 3.29 3.28 0.69 0.31 

Eu 12.24 9.10 7.37 5.83 3.37 3.63 083 0.28 

Lu 13.20 10.05 7.70 6.24 3.01 4.05 0.56 -. 03 

(Ln any lanthanide or REE(III) Log K data from Millero 1992) 

Table 1.10 The dominant aqueous lanthanide species in natural solutions 

pH <3 Ln 3+/LnSO4+ 

pH 3-6 Ln 3+/LnSO4+ /LnF2- 

pH 6-9 LnC03+ 

pH >9 Ln(C03)2 
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The Log K values show that some fractionation between the REE is possible in 

solution especially when carbonate solutions are involved. The actual complex 
found will depend upon the pH of the solution and can range from pH 2 for acid 

mine waters to pH10 in some alkali fluids (e. g. ophiolite complexes) (Figure 1.6). 

The aquo ion, sulphate and fluoride phases dominate in acidic conditions and 

carbonate species are dominant above neutral pH values (Table 1.10). 

Fig 1.6 The relative REE speciation in natural waters (after Wood 1990). 

A- modal composition. 

%Eu 

PH 

(total concentrations) 
[Eu] = 10-7M, [F] =10ýM 

[Cl"] = 2x104M, [SO42-] =104M 
[P043-] =1O-6M, [C032-] = 104M 

[N031 10-4M 

B-high phosphate, low sulphate. 

[P043] = 0.01M, [SO421=10ýM 

C-high fluoride, low sulphate. 
[F] = 104M, [SO42'] = 10,6M 

D-high carbonate, low sulphate. 
[CO'I'] =10"3M, [SO42] =10ýM 

The activity of each anion will control the relative amount of each REE complex, 

e. g. the fluid and complexes are chloride dominated in salt brines, carbonate 
dominated in limestone hosted regions and fluoride from granitic groundwaters. 
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The total carbonate content must be less than 10-3M for effective competition 
between the free aquo ion and carbonate species, unless pH constraints make the 

carbonate species unviable, e. g. at pH<6 HC03" is present as the dominant 

carbonate species and does not compete with the stabilities of lanthanide sulphate, 
fluorides and aquo-ions. 

The presence of REE-organo complexes cannot be ignored (although it has been 

in most studies) as EDTA is commonly used to decontaminate radioactive areas, 

as EDTA forms strong complexes with many radioisotopes which are readily 

washed away. This suggests that natural organic complexes (e. g. acids) are 
important in REE transport in weathering soil horizons and organic rich deposits, 

such as oil rich sediments, as they will act in a similar manner, i. e. -inhibiting 
sorption onto particulate matter (Means et al., 1978a). 

1.6.2 REE in natural solutions 

The concentration of REE in natural solutions are typically less than 10"12M, 

however high concentrations of up to 10'6M have been detected under specific 

conditions (Smedley, 1991). 

Natural solution studies have concentrated upon 
i, ocean waters 

ii , lakes 

iii, ground/meteoric waters 

River studies have shown that the bulk transport of REE was in the colloidal 
fraction (Moulin, 1992), within fine clay minerals or adsorbed to mineral 

surfaces and not as aqueous species (Lipen & Mackay, 1993, Sholkovitz et al., 

1994). 
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1.6.2.1 REE within oceans 

Ocean and sea waters are assumed to be in a steady state with localised variations 
due to (i) river input, (ii) hydrothermal vents related to oceanic volcanism and 

(iii) aeolian material. Studies have been based around concentration with ocean 
depth and the relative proportion of each dissolved species. The total chemistry 

and pH of seawater are the controlling factors in BEE speciation(Schif et al, 

1991, Zhang et al., 1994). Between pH 6-9 and a total carbonate concentration 

of approximately 10"3M, 99% of REE exist as REE(CO3)+ complexes with a 

small amount of the aquo-ion. The majority of the BEE added to the ocean 

system is in particulate form (within clay minerals) and does not become involved 

with the aqueous phase. Within the water column there are cycles of sorption 

onto particles (usually Fe/Mn) near the surface followed by re-solution at depth, 

but some BEE are removed from the water column by sorption. The REE then 

become incorporated into each successive growth ring of Fe and Mn oxide 

minerals. This process is more dramatic for the LREE than the more soluble 
HREE which form more stable carbonate complexes, which are less likely to be 

sorbed onto particles. 

Table 1.11 Typical REE concentrations (pmols/dm3) within an oceanic water 

column (after Elderfield & Greaves, 1982) 

Element Ce Nd Gd Yb 

Surface 66.3 34.3 5.59 3.15 
loom 13.0 12.8 3.41 3.55 

4500m 55.1 45.8 8.27 5.16 

In general a profile of the water column (Table 1.11) shows REE concentration 
increasing with depth. Elderfield and Greaves (1982) have shown initial 

enrichment at the surface, then a minimum at -100m, followed by a steady 
increase with depth. Within the ocean basin there can be extrema within the 
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column when waters mix e. g. at 1000m in the Atlantic where the Mediterranean 

waters mix. 

When ocean waters are shale normalised there is a slight negative Ce anomaly, 

but a prominent negative Eu anomaly due to the effects of changing redox states. 

The Eu is thought to be a relic effect from Eu inclusion in feldspars, whilst the 

Ce(III) becomes oxidised to Ce(IV) to co-precipitate with Fe oxide minerals. 

There is a general enrichment in the shale normalised HREE patterns compared 

with the LREE within the surface mixing zone (upper 100m), when the LREE 

are scavenged from solution compared to the BREE. In the rest of the water 

column there is a smaller relative enrichment of the HREE compared with the 

LREE, probably as a result of a stronger REE-carbonate aqueous complexes for 

the HREE than the LREE (Elderfield & Greaves, 1982). 

REE profiles in ocean basins reflect inputs at the surface and bottom of the water 

column, followed by scavenging from solution. The surface source is probably 

aeolian. Elderfield and Greaves, (1982) found Mid Atlantic surface waters were 

comparable with the North Atlantic (Sahara) marine aerosols and Saharan desert 

soils. They attributed the early scavenging to oxidation of Fe and Mn and surface 

sorption of (predominantly) LREE onto particles within the mixing zone (upper 

100m). The Ce anomaly develops over the top 500m of the water column and is 

thought to be due to the oxidation of Ce(III) to the less soluble Ce(IV) form, in 

concert with in-situ Mn(II) oxidation to Mn(IV)to form particulate oxyhydroxides 

(Sholkovitz et al., 1994). However, Moffett, (1990) suggests Ce (IV) is 

generated through microbial oxidation. 

The bottom source is the release of interstitial waters during diagenesis. 

Precipitation within sediments is shown to be in equilibrium with the ocean 

waters as ferromanganese nodules have the same Nd isotopic values as 

oceanwater. Scavenging is partly due to REE-anion co-precipitation of insoluble 

complexes when the REE becomes saturated with respect to each anion. Byrne 
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and Kim, (1993) suggest phosphate saturation may remove some dissolved REE 

from solution as precipitates. 

Hydrothermal vents (the source of massive sulphide deposits) are a major influx 

of REE compared with average seawater content. Ce concentrations in the order 

of 5,800x10"12 mol/Kg have been observed in upwelling plumes (to - 300m) 

above active vents (compared with typical values of 50x10-12M in Table 1.12). 

German et al., (1990) found that solution of these REE only takes place only after 
hydrothermal precipitates which scavenge REE within the plume have settled to 

the seafloor, as the maximum REE/Fe ratios for suspended particles around the 

plume are approximately 10 times lower than for the hydrothermal sediments at 
the vent. REE from the seawater are also thought to be scavenged from solution 
to a solid phase. The 3He isotope signature of the fluids suggests a mantle derived 

component as does the very high REE content compared with that expected from 

hydrothermal fluids of ocean origin leaching material as fluids circulate. Michard 

et al., (1983) found LREE enrichment at the East Pacific RiseAvith a large 

positive Eu anomaly compared with the local basalts, suggesting that solutions 

are not derived by simple dissolution of host basalt material from a hydrothermal 

field. 

1.6.2.2 REE in lake systems 

REE lake studies have mainly concentrated on anomalies in the major element 

chemistry and conditions in the lake. e. g. saltbrines, alkali or acid waters. In 

extreme conditions some lake waters have a much greater REE content than that 
found even in hydrothermal solutions. 

The alkaline lakes from the Great Basin Western USA have a pH range from pH 
8.48-9.78 and a total REE content up to 8,030 pmol/Kg with the Ce content alone 

up to 2,355 pmol/Kg in the highest pH Lakes. Johannesson et al., (1994) attribute 
the stability of REE in solution to the formation of Ln(C03)2 and the cerium is 
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oxidised and forms CeM (C03)2° to give a positive shale normalised Ce anomaly; 

almost all the REE (over 99%) is found as carbonate complexes. Lake Van in 

Turkey also shows an enhanced Ce anomaly (Moller & Bau 1993) due to the high 

alkalinity (pH 9.6) derived from constant volcanogenic hydrothermal Ca and CO2 

inputs. Seawater cannot stabilise Ce(lv)(C03)2 due to the oceans lower total 

dissolved carbonate content. Any Ce oxidised to Ce(IV) becomes sorbed onto 

Mn and Fe oxyhydroxide particles and removed from the system giving a 

negative shale normalised Ce anomaly. 

Colour Lake NW Canada (Johannesson and Lyons, 1995) has contrasting 

conditions to the alkaline lakes. A permanent 1.8m thick ice cover gives reducing 

conditions thus Ce(IV) is not produced. The Lake does not have any measurable 

carbonate content but, is instead is dominated by sulphate ions (between 2.15- 

3.69mmol/Kg) and resulting in pH 3.6 to 4.74. Acidity is partly generated from 

groundwater seepage and precipitation of iron hydroxides. The REE exist as an 

almost equal mixture of sulphate and free aquo ions with a small percentage as 
fluoride species. The REE content is dependent upon pH as maximums for Ce 

content (31,790pmol/Kg) are found at areas of lowest pH. The sulphate 

complexes are particularly stable for the mid-REE compared with the other REE 

and are seen enriched in normalised profiles. 

1.6.2.3 REE in groundwater systems 

The REE content of groundwaters are dominated by source host rocks. Clear 

differences can be observed between granites and host metasediments. The 

granite hosted fluids are typically between pH 4-7 dominated by Na-K-Ca-Cl. 

Sediment hosted waters are Na-Ca-Mg-S04-CO3 fluids and generally have a 

higher total dissolved salt (TDS) content than granitic waters, due to much more 

varied host materials. In low temperature fluids the total REE content is 

dependant upon the dissolution of REE hosted minerals and the effects of anions 

in solution. The exact amount of REE is determined by the extent of weathering 
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and host-rock REE content. The granite hosted fluids of Carnmenellis SW 

England have up to 1.6x10"ýM total REE (Smedley, 1991); Ce alone is up to 
24,621 pmol/Kg; concentrations only found in extreme pH conditions (though 

much lower than the REE content in the host granite). The major source of REE 
is the dissolution of monazite, the bulk host of REE in mineral form. Organic 

and colloid content is also an important transport mechanism of REE transport in 

river or groundwater (solution or colloidal) systems. In the Mississippi River the 
LREE are mainly transported as colloids, while the HREE are transported as 
dissolved species due to the greater stability of the HREE- carbonate complex 

compared to the LREE-carbonate complexes. 

Chloride complexes are only found associated with salt brines like those in the 
Palo Duro Basin USA (Gosselin et al., 1992). The LnC12+ species exists, even 
though it has negative stability constant, due to the abnormally high chloride 
content of 1.3-3.0 mol/Kg which is 3-5 orders of magnitude higher than the total 

carbonate and total sulphate content of the brines. The dominant dissolved REE 

species is still the aquo-ion and like other groundwaters REE content is controlled 
by host-rock dissolution. The REE content of chloride-rich solutions is often 
lower than other chloride-poor groundwaters. The REE content depends upon the 
host-rock and is maximised by the controlled dissolution in localised areas, of 
lower chloride content (normally associated with slightly increased sulphate and 

carbonates in solution). 

1.7 Summary of the REE geochemical properties 

The rare earth elements are not rare or earths (i. e. oxides) and are found as trace 

elements in most silicate phases or as carbonate and phosphate minerals. REE 

tend to partition into the melt fraction and the REE content can be enriched 

through successive partial melts and subsequent crystallisation as final stage 

minerals. However the REE do not readily partition into an aqueous phase. 
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The low temperature geochemistry of REEs is dominated by solid phase alteration 

reactions, as the REE tend to remain in the solid phase, i. e. the decomposition or 

alteration of silicate minerals to clay minerals increases the REE content at the 

expense of other more soluble elements during weathering and metamorphic 

processes. Thus the REE can effectively be constrained into a solid matrix for 

time periods of greater than 106years. The normalised REE profile of Archean 

greenstones is similar to the normalised REE profile from modem Basalts, 

indicating that the REE are immobile over 109 years. As REE stay in the 

particulate phase during alteration, only a small proportion is released into 

solution and mass transport of REE is in the particulate phase as fine clay 

minerals which form the final silicate weathering product. The presence of 

mineral grade monazite from placer sands also emphasises that REE minerals are 

stable and that REE mobility is through the physical erosion and mass transport of 
solid phases. 

Even though aqueous REE do exist in all systems, concentrations are relatively 
low (typically below 10 pmol dm"3) compared to most other elements. Higher 

aqueous concentrations can be found under extreme pH conditions, carbonate 

and high temperature environments (Table 1.12), but these levels are 

significantly lower than most other metals in similar systems. 

Table 1.12 Extreme natural aqueous Ce concentrations 

[Ce]/pmol dm' pH Source Reference 

55 7.5-8.5 ocean Elderfield & Greaves (1992) 

5800 

8030 

Hydrothermal German et at., (1990) 

8.5-9.8 Alkali lakes Johannesson et al., (1992) 

31790 3.64.8 Reducing lakes Johannesson & Lyons(1995) 

The aqueous REE speciation is dependent upon relative anion composition and 

pH of the solution (Johannesson et al., 1996a & 1996b), though stability fields 
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do increase with temperature (especially for high-temperature chloride fluids). 

Carbonate is one of the most soluble anions at low temperatures and the dissolved 

REEs dominantly form carbonate species above pH 6, even from phosphate rich 

source materials, (which are not as readily soluble as carbonates). Below pH 6 

the free aquo ions, F, P043' and SO42- aqueous species dominate. 

When REE are released into solution they are normally scavenged from solution 
by surface reactions with organic and colloidal mineral phases, although the 

HREE form stronger aqueous carbonate complexes than the LREE and therefore 
fractionation across the group will occur. 

1.8 Americium and curium environmental chemistry 

Am and Cm are the most abundant actinides that dominantly form as a M3+ ion. 

The other (more dominant) actinides form a range of oxidation states (Table 1.4 ); 

e. g. Th and Pu form stable M(IV) ions, U as M(VI) and Np as M(VII) ions, the 

chemical properties of most actinides are therefore dependent upon the redox state 

of the system. Even though Am does not form naturally there are trace quantities 

of Am in the environment (e. g. as a Pu decay product) from atmospheric nuclear 

weapons tests (i. e. Mono Lake California, Anderson et al., 1982, Choppin, 1989 

and Johannesson et al., 1995b) and the deep-sea disposal of radionuclides from 

old nuclear powered ice breakers and submarines (e. g. in the Kara sea, Furhmann 

et al., 1997) or other accidental releases from nuclear power stations (von Gunten 

and Benes, 1995). The bulk of the Am produced has still to be disposed. 

The published work on the chemistry of Am has recently been reviewed by Silva 

et al., (1995), who have identified the thermodynamic properties of Am and 

produced a consistent set of Am aqueous thermodynamic constants, from often 

contradictory sets of data. Am will form as M(IV) ions, but only under strongly 

oxidising conditions, which require strong complexing anions (i. e. carbonate and 

normally form as mixed oxy ions) to stabilise an aqueous Am(IV) ion. These 
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higher oxidation state species are unlikely to form for Am in any potential 
disposal regime isolated from the atmosphere. The aqueous chemistry of Am is 

therefore dominated by Am(III) species. 

The chemical properties of Am have been identified from linear free-energy 

calculations, by inference from other (less active) Actinide(III) species, 

comparisons with the lanthanides and from some direct measurements (e. g. 
Nitsche et al., (1992) have determined the formation constant for AmCO3+ from 

Am3+ by a shift between the strong absorption bands at 505.3nm and 502.8nm 

respectively by varying the carbonate activity). There has been considerably 

more work on Am aqueous speciation (funded by the need to characterise nuclear 

waste disposal), than for the lanthanides, where until recently studies have 

focused on the relative (normalised) variations between each lanthanide or on the 

aqueous speciation in geochemical systems e. g. seawater. The inference from 

other actinides has lead to the postulation of a number of mixed americium oxy 

and hydroxy species (e. g. Am(OH)2CO3') which have no lanthanide analogue. 

Americium chemistry in seawater and simulated groundwaters (above pH 7) is 

dominated by the formation of simple carbonate species (AmCO3+, Am(C03)2 

and Am(C03)3-) or hydroxy species(AmOH2+, Am(OH)2+ and Am(OH)30) at low 

carbonate activities (Allard et al., 1984, Bidoglio, 1983, Choppin & Du 1992 or 
Fuger 1992). Apart from Am(C03)33" all these species lanthanide analogues have 

been proposed. However, the lanthanide speciation has usually been determined 

from seawater and groundwaters where the pH and carbonate activities are too 

low to support the formation of a Ln(C03)33" ion (e. g. Wood 1990a). 

Experimental environmental aqueous americium chemistry is almost exclusively 

limited to the carbonate-pH system where solubility limits for Am are assumed to 

be controlled by the precipitation of the carbonate, hydroxycarbonate or 

hydroxide phase, dependent upon the actual pH and carbonate activity (or 

pCO2(g)) of the equilibrium phase (Vitorge, 1992). The alpha particle and X-ray 

emissions from Am increases the hazard during the routine production of Am 

40 



solid phases used for solubility product determination and solid phase 
characterisation. Further, the radiation from the decay of Am interferes with X- 

ray analytical techniques and will have a destabilising effect upon the crystal 
structure. 

Despite the hazards, Am solid phases and their solubility products have been 
determined directly (e. g. Morss and Williams, 1994). However Am solid phases 
are routinely determined assuming that a comparable Nd and Eu preparation will 
produce the equivalent Am solid phase, and that the remaining Am in solution 
can be relatively easily measured. Self irradiation will however destroy a crystal 
structure, for example, Silva et al., (1995), note that crystalline 244Cm(OH)3 is 

completely degraded in 24 hours, whilst 241Am(OH)3 shows initial damage after 
2 weeks and complete degradation after 5 months in water. 

The removal of Am from solution by sorption processes is rapid, and partition 
from solution onto a surface phase (such as clay minerals, oxides and sulphides 
e. g. Degueldre et al., 1994) is almost entirely complete (i. e, above 99.99%) for 

neutral and high pH solutions. Thus, most of the environmental Am is associated 
with the sedimentary phase. Steady state sorption of Am onto mixed ocean 

sediments in solutions at pH 7 is obtained in under 50 hours with Kd values of 

above 105m1/g (e. g. Furhmann et al., 1997). Americium mobility can be 

enhanced by this strong sorption process on to mobile colloidal phases, for 

example the dominant Am(III) and Cm(III) isotopes transported at the Nevada 

test sites are associated with humic and fulvic colloids, (von Gunten & Benes, 

1995). Sorption experiments can be measured directly for Am, but the sorption 

process must be examined below the solubility limit under the required solution 

conditions to eliminate any interference from the precipitation of solid Am 

phases. Thus sorption experiments are usually carried out using radiotracers 

concentrations below the Am solubility limit, and commonly below the detection 

limit of the lanthanides by standard analytical techniques. Similar experiments 
for the lanthanides would also require radiotracers. 
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1.9 Immobilising REE 

Lanthanide elements can effectively be fixed into mineral phases in an initial 

solid matrix. When the lanthanides (and their analogues Am and Cm) are initially 

contained in a borosilicate glass, over 98.5% of the lanthanides are retained in the 

alteration products on the glass surface under flowing conditions, possibly as a 

co-precipitate with a silica gel (Menard et al., 1998). However they can be 

mobilised by sorption onto colloids. Barret, (1992) has shown that the 

lanthanides, La and Sm, can be fixed in a tricalcium silicate matrix (as a 

simplified cement analogue) when modelling the initial cement hydration. Ca2+ is 

displaced from the tricalcium silicate matrix by the lanthanides, which also 

accelerates the hydration process. When Cat+and the more soluble Na+ and K+ 

ions are released into the pore waters, ensuring a high pH (above pH 12), any 

remaining REE precipitate as the hydroxide. CO2 will also be consumed by the 
formation of CaCO3(s) and the partial pressure of CO2 could decrease to as low as 
10"10 bar (Diakonov, 1998). Nd will also react with the solid calcite phase 
(Caroll, 1993) by displacing Ca2+ ions by the adsorption of Nd carbonate and 
hydroxycarbonate phases, and will form a solid solution series within a calcite 

structure. The lanthanides (and therefore Am and Cm) will be effectively fixed 

during the alteration of the primary matrix and only released very slowly from the 

primary containment area. 

The chemical properties and speciation of each element and not the radiological 

effects of each isotope will control the chemical mobility, although the actual 

elemental composition will change as the decay produces different elements 

which may have significant different chemical properties. The mobility of the 

lanthanide ions over time will be primarily controlled by the dissolution rates of 

the solid matrix, which can be expected to be low as the REE tend to remain in 

the solid phase upon mineral dissolution and alteration. The maximum lanthanide 

mobility will then be constrained by the precipitation of secondary minerals in 

equilibrium with the pore water solutions. The composition of this solution will 
be controlled by the dissolution of the concrete matrix and possibly be in 
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equilibrium with calcite. The secondary lanthanide minerals that may precipitate 

in an evolving pore water solution must be identified, characterised and their 

solubility products determined to quantify the solubility limit as the maximum 

amount available for aqueous transport. A direct comparison of the lanthanides 

can then be made with Am to determine the exact chemical similarities between 

these elements for future predictions of Am mobility in a disposal environment. 

Other immobilisation factors can also be considered to reduce the mobility 

further, e. g.. sorption processes on to mineral particles which the fluid must 

diffuse through or flow past to leave the disposal environment. These mineral 

surfaces will include corrosion products of the initial steel containers, the 

concrete matrix components, oxide and sulphide minerals and clay and other 

silicate minerals in the multi-barrier system. There may be the further filtering 

effects from diffusion through each barrier, which can trap colloidal particles and 

their associated adsorbed surface ions. The rate of radionuclide diffusion towards 

the biosphere will ultimately be constrained by the localised hydrology and flow 

rate within the system. 

1.10 Characterising REE solubility 

The lanthanides are ideally suited to model the solubility of the An(III) metals 
Am and Cm at levels approaching the solubility limits and any possible solid 

phase, lanthanide analogue experiments at levels considerably lower than the 

solubility levels (in particular adsorption to mineral surfaces) are less useful as 

radiotracer experiments are required to determine the amount remaining in 

solution and the radioactivity of Am and Cm can therefore be an asset. The 

chemistry of the REE is further worth considering as 152,154,155Eu and 141,144Ce 

have been found as fission products already in the environment in the Nevada test 

sites and as "hot particles" released from the Chernobyl reactor (von Gunten and 

Benes, 1995) and will therefore be included in any disposal inventory. 
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This project will consider the factors that may affect the chemical solubility of 
lanthanides (and if comparisons with Am and Cm are possible) in a post-disposal 

environment, particularly in a LLW repository. Potential near-field solutions to 

those found in the wider geosphere must therefore be considered. Biological and 

organic aspects of lanthanide mobility will not be considered. The radioactivity 

of Am and Cm will not directly affect their aqueous chemistry, but will slowly 

change their total concentration over time, however a-particle release will 

probably inhibit the transition from amorphous to crystalline phases, these phases 

would also include possible incompatible elements from the decay products. 

The speciation of a metal determines the chemical reactivity, whilst the activity 

controls its solubility (Millero, 1992), these factors will be determined from the 
bulk solution composition and must be completely characterised to make 

meaningful comparisons with the actinides to predict their properties, including 

solubility limits and radionuclide mobility below the solubility limit. Studies on 

groundwater systems and the dissolution of concrete matrixes have shown that the 
bulk solution composition is dominated by Cat+, Mgt+, Na+ and KK cations with 
CO32', S042', P043", F' and Cl' anions in solution further controlled by the pH 

and Eh of the system. Lanthanide phosphate, fluoride and chloride aqueous ions 

are only dominant below pH 6 at 25°C (Figure 1.5) and therefore phosphate and 
fluoride activities are unlikely to be significant in a neutral or high pH disposal 

regime. 

The lanthanide elements do form as carbonate minerals and aqueous lanthanide 

ions are dominantly associated with carbonate in most natural environments. This 

study will initially investigate the effects of carbonate ions upon lanthanide 

solubility and all the phase changes which may occur across the pH range from 

pH 3 to 12. This pH range will include all natural solutions from acid mine 

waters (pH 2-5), through seawater (pH 7-8) and highly alkaline groundwater 

solutions from carbonatites and ophiolites (up to pH 12). The dissolution of 

concrete has shown that the solution pH may be as high as pH 11.5, in a high 

ionic strength CO32", Cl", Na+, KK and Ca2+ solution. Some S042" ions may also 
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be present from the dissolution of the aggregate content, although the proportion 

of S042" to SZ" will be dependent upon the redox state of the system over time. 

The investigation of lanthanide solubility will therefore examine the possible 

effects of lanthanide solubility on the solubility-limiting phase from an initially 

high pH environment to a solution in equilibrium with the potential host 

groundwater and ultimately to a marine environment. The subsequent addition of 

other ions can then be included (e. g. S042" and Ca2) to characterise lanthanide 

chemical properties in an aqueous environment. 
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Analytical Techniques 
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2.1 Introduction 

REE are relatively insoluble in aqueous solutions and often difficult to analyse 

using standard techniques such as atomic absorption spectroscopy (AAS) which 

are typically used for aqueous transition metal determination. Graphite furnace 

AAS and the less sensitive flame AAS are not sensitive enough for lanthanide 

determination, and have detection limits above 104M Ln3+which is at least two 

orders of magnitude above that of colourimetric methods (Section 2.2) and above 

that found from the dissolution of many REE solid phases. 

Aqueous REE are usually determined by ICP-MS analysis (detection limit 10-8 M 

aqueous lanthanide) (Section 2.4) or from ICP-AES techniques (detection limit 

approximately 10"5M aqueous Ln). ICP techniques are independent of the 

solution pH or bulk composition and allow the rapid determination of multiple 

elements. Solutions can be easily preconcentrated upon strongly cationic resins 

(usually Chelex 100), before elution with strong acids (e. g. Greneva et al., 1996 

and Halicz et al., 1996). ICP analysis was unavailable for most of the project and 

a colourimetric method was developed for the REE determination. 

The solid phases prepared in the lanthanide-hydroxide-carbonate system typically 

have a single lanthanide and possibly Na or K present. Three methods of solid 

phase analysis were routinely used: X-ray diffraction (XRD) to determine the 

crystal type, infra-red (IR) to determine the functional groups present (e. g. C032', 

Off and crystalline water) and thermogravimetric analysis (TGA) to calculate the 

formula of each solid phase. 

The analytical techniques required for the experimental sections of Chapters 3,4, 

5,6 and 8 are outlined in this chapter. The development of the Flow-Injection 

Analysis using an Ultra -Violet (FIA-UV) technique, during this study, for the 

determination of aqueous lanthanides is discussed in detail (Section 2.2). All 

other techniques utilised are established analytical techniques and only their 

general principles will be briefly described in Chapter 2. 
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2.2 FIA-UV Determination of REE using Arsenazo(III) 

Nd3+ and Eu 3+ can be analysed using UV-Visible spectroscopy, as they have 

absorbance maximas at 793.6nm and 393.4nm respectively (Runde et al., 1992); 

the limits of detection are very high and only useful for Ln3+ concentrations below 

pH 7 when lanthanides are relatively soluble. The detection limit can be 

enhanced by the addition of a colourimetric reagent, since the formation of 

coloured complexes that strongly absorb UV light is a convenient method of trace 

metal analysis. There are three established colourimetric reagents used for 

lanthanide determinations, Arsenazo(I), Xylenol Orange and the most commonly 

used Arsenazo(III). The molar extinction coefficients for aqueous Nd increases 

from 10.81 to 5.5x 1041. mo1'lcm'1 in the presence of arsenazo(III), due to the 
formation of an arsenazo(III)-Nd complex (Marcenzko, 1986). 

Arsenazo(III) is the most commonly used colourimetric reagent for lanthanide 

determinations, as the free reagent does not possess an overlapping maximum 

absorbance with lanthanide-arsenazo(III), but also chloride and sulphates ions do 

not interfere with the complex absorbance. The effects of Fe 3+ interference can be 

eliminated by adding a reducing agent (e. g. ascorbic acid), reducing any Fe 3+ to 

Fe 2+ (Marcenzko, 1986). The Ln-arsenazo(III) complex maximum absorption is 

in the limited acidic pH range of pH 2.3-2.8, which is fortuitous as the 

lanthanides are commonly concentrated and separated upon ionic resins that are 

eluted with acid. Xylenol Orange and Arsenazo(I) have their maximum 
lanthanide-complex absorbance between pH 5 and 8, which is too high for acid 

eluted solutions. 

The UV determination of metal complexes often requires extensive pretreatment 

to each sample, e. g. the addition of the complexing reagent and buffer solutions 
before being introduced into the spectrometer. Alternatively, the pretreatment 

can be incorporated into a flow injection system (Havel et al., 1994 and 
Gladilovich et al., 1988), which introduces a precisely controlled sample volume 
into a continuous stream of the required buffers and reagents, immediately prior 
to being introduced to the spectrometer. Flow injection analysis allows a small 
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sample volume (typically 10-200µm) to be determined directly (possibly with an 

auto-sampler system for multiple sample determinations) by most analytical 

techniques e. g. UV-spectroscopy, ICP-AES, ICP-MS or fluorescence- 

spectroscopy. 

2.2.1 Method Development 

Lanthanide-arsenazo(III) sample preparation 

The sample preparation of Marcenzko (1986) for total lanthanide determination 

using UV-spectroscopy and arsenazo(III) as a colourimetric reagent, was adapted 

from a single-cell UV technique to a flow injection technique. Aqueous 

lanthanide determinations after the method of Marcenzko (1986) requires 

extensive sample preparation (Table 2.1), before each individual sample is 

introduced into a UV-Visible spectrometer in quartz glass cells. 

Table 2.1 Sample preparation for the UV-Arsenazo(III) determination of 

aqueous lanthanides, after Marcenzko(1986) 

1. take a sample containing less than 40µg Ln + and acidify to pH -1 

2. add 1 cm3 of ascorbic acid as a reducing agent 

3. allow sample to stand for 2-3 minutes 

4. add 1 cm3 of formate buffer (pH 3.5), prepared by adding 60 cm3 of formic 

acid to 28g NaOH and diluting to 1 dm3 

5. add 2cm3 of a 5% arsenazo(III) solution 

6. dilute to -20cm3 with water 

7. adjust sample pH to pH 2.6±0.1 with NaOH (0.1M) 

8. dilute to 25cm3 with water 

9. transfer 2cm3 to a quartz glass cell and measure the absorbance at 650nm 

against a reagent blank 
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Determination of the peak arsenazo(III) and lanthanide-arsenazo(III) absorbtion 

wavelengths 

The wavelengths of the maximum absorbance of the arsenazo(III) and the 

lanthanide-arsenazo(III) complex were determined by preparing samples after 

Marcenzko (1986) and running UV-Visible electronic spectra were obtained over 

the wavelength range from 200nm to 800nm (Figure 2.1) upon a Hewlett Packard 

8452A Diode Array Spectrophotometer, using quartz cells (1 cm path length). 

The red coloured reagent has a maximum absorbance at 540nm. The reagent 

changes colour to blue upon the addition of 10-5M LnC13 with a distinct maximum 

absorbance at 652nm for Nd. The reagent blank has an absorbance approximately 

equal to zero at 652nm, and therefore will not significantly interfere with the 

lanthanide determination. 

Figure 2.1 The determination of the peak lanthanide-Arsenazo(III) absorbance 
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Flow Injection Systems 

The sample preparation of Marcenzko(1986) for total lanthanide determination 

(Table 2.1) can be adapted from single-cell UV analysis, to a flow injection 
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method to allow the rapid repeated analysis of multiple samples. Flow injection 

systems mix a sample solution directly with a reagent solution (and buffer 

solutions if required) before introduction to a detector. 

The FIA system (e. g. Figures 2.2 and 2.5) is composed of a peristaltic pump with 

peristaltic tubing of varied diameter to control the flow rate through the system. 
A precisely controlled sample volume is injected into a carrier stream. The carrier 

stream is then mixed with a reagent stream containing a buffer solution that 

controls the reaction pH, and the analytical reagent (e. g. arsenazo(III)). Further 

buffer solutions can also be added if the reaction is highly pH sensitive. The 

mixed solution then passes through a UV detector then to waste. The absorbance 

of the complex can be measured as peak height on a chart recorder as the injected 

sample passes through the detector. 

Ideally the sample should register as a single sharp peak above a constant 

background signal. However the system has a number of variables that have to be 

optimised to maximise the sensitivity and reproducibility of the system. These 

include pH of the reaction, flow rate through the system, reaction time after 

mixing with the reagent stream, sample dilution from the reagent solution, 

carrier solution and any buffer solutions. Increasing the sample volume can 

significantly increase the system response; a large sample volume can broaden 

the peak response, instead of increasing peak height due to incomplete mixing or 
diffusion within the reagent stream. 

The FIA-UV determinations were made with a Tecator FIA Star connected to a 

flat bed chart recorder as detailed below 

1. Flow injection analyzer: Model 5010 

2. Injection valve: Model V-100 

3. Chemifold tray and chemifold type III 

4. Spectrophtometer: Model 5023 

5. Detector controller: Model 5032 

6. Chart recorder: Model kipp and Zonen BD12 
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When the sample is injected directly into the reagent solution, the mixing and 

reaction time becomes critical as the stream is initially reagent-sample-reagent 

passing through the tubing which must mix and react before the detector. The 

system setup must therefore be a compromise between adding adequate buffers to 

homogenise each sample and dilution of the sample to minimse the detection 

limit. 

2.2.2 The effects of reagent pH and ionic strength on absorbance 

Experimental 

The reaction between arsenazo(III) and lanthanides is dependant upon the 

solution pH. The pH of the reagent solution was altered with HCl or NaOH to 

give a range of solutions from pH 1-4. A 3-line manifold (Figure 2.2) was used to 

examine the effects of pH upon a 10"5M Ln3+ solution, thus enabling the reaction 

pH to be adjusted by varying the pH of the minimum amount of solutions i. e. the 

buffer solution. When the most favourable analytical pH has been determined for 

the system, the buffer solution can be mixed with the reagent solution to reduce 

sample dilution at the detector. 

A NdC13 (10-5M) sample was injected into a carrier stream of HCl (0.1-0.5M) 

which was then mixed with a NH4OH (0.1-0.5M) buffer solution at the same ionic 

strength, the NH4OH buffer solution was mixed with NaOH (OA M) to adjust the 

pH of the reacting mixture at the detector. 

The carrier and buffer solutions were then mixed with the reagent solution before 

passing through a UV detector. The pH of the final solution was measured 

immediately after the detector. The effects of the solution pH on the reaction 

could be examined with that of the effects of 0.1M to 0.5M buffer solutions upon 

the sample. 
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Figure 2.2. FIA design of a three-line manifold for determining the optimum 

analytical pH for lanthanide-arsenazo (III) determinations 
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Carrier : 0.1-0.5 M HC1 

Base : 0.1-0.5 M NH4OH +x cm3 of 0.1 M NaOH per 100 cm; of 
NH4OH to adjust to the desired pH. 

Reagent : Arsenazo(III) (0.005 % w/v) 

Results 

There is a sharp increase in absorbance from pH 1.2 to pH 2.4 (Figure 2.3). A 

significant colour change can be observed in the reacting solution as the blue 

Ln3+-arsenazo(III) complex forms at pH 2.6. This colour change does not occur 

when the solution is acidified to below pH 1.8. A wavelength scan (Figure 2.4) 

shows the characteristic double peak of the Ln3+-arsenazo(III) complex at pH 2.6 

is significantly reduced and almost merges with the arsenazo(III) blank at pH 1.8, 

indicating the dissociation of the Ln3+-arsenazo(III) complex. 

The maximum absorbance decreases slightly when the pH is increased above pH 
2.8, possibly due to increases in the absorbtivity of the reagent blank. A colour 

change from red to blue can be observed in the reagent when NH; is added to 

increase the reagent pH to pH 10 (Figure 2.4). 

Increasing the ionic strength of the buffer solutions causes a slight decrease in the 

maximum absorbance of the complex. The decrease could be due to the high 

ionic strength of the solutions inhibiting complex formation or an increase in the 

detection pH as the sample is injected into the carrier stream, which may not mix 
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completely with the acid, before mixing with the NH4OH solution then reacting 

with the reagent. 

The effects of the buffer solution in controlling pH are more important when 

samples are preconcentrated upon an ionic resin in the carrier stream and are 

eluted by acid (section 2.2.6). 

Figure 2.3 The effects of buffer concentration (HCI/NH4OH) 

and pH upon peak height 
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Figure 2.4 The variation in absorbance of arsenazo(III) and lanthanide-arsenazo(lII) 

complexes with pH [Nd] 5x10-6 M 
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2.2.3 The effects of sample pH on lanthanide-arsenazo(III) analysis 

Sequential dilution of the sample with numerous buffer and reagent solutions 
dilutes the sample and reduces the detection limit. Incorporating the buffer 

solutions into the reagent minimises the dilution effects. The minimum dilution 

would occur if the sample was injected directly into the reagent stream. The 

mixing time between the carrier-reagent solution and the sample then becomes 

critical as sufficient time is required for the reaction.. A two-line system of 

reagent solution (incorporating all required buffer solutions) and a carrier 

solution, which also acts as an analytical blank (e. g. H2O for aqueous solutions) 

has two advantages over a single line system. A constant blank is measured 

between sample injections, and the sample will be mixed directly with the 

reagent in a 1: 1 ratio when the sample and reagent streams combine. 

Lanthanide solutions in the Ne-K+-S04 2-_CO3 27-OH" system can vary from pH 0 

to pH 13. The sample pH could therefore have a significant effect upon the 

absorbance, especially if the reaction pH is not sufficiently buffered. The zero 

absorbance was set for the injection of distilled water into a distilled water carrier 

stream, mixing with the reagent stream, before passing through the detector. 

The reagent stream alone must therefore be capable of buffering the reaction, 

especially as a strongly acidic sample could reduce the absorbance of the 

arsenazo(III) complex (Figure 2.4) to below that of the water-arsenazo(III) 

complex, resulting in an apparent negative absorbance of the complex or a high 

pH sample may not form a Ln3+-arsenazo(III) complex. 

Experimental 

The FIA system (Figure 2.2), was reduced from a three-line manifold to a two. 

line manifold of containing a carrier solution and reagent solution (Figure 2.5). A 

distilled water carrier solution allows a continuous analytical blank to be 

monitored between each sample injection. The buffer solutions, required to 

adjust the reaction pH, were added to the reagent solution which forms the 

second solution line. The reagent solution was prepared from combining the 
formate buffer solution, ascorbic acid and the arsenazo(III), the pH of this 
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solution could be altered with HC1 or NaOH to pH 2.6. The pH of a 10-5M LnC13 

sample solution was adjusted by the dropwise addition of HN03 or NH3 to 

between pH 2 and pH 10. 

The flow rate was adjusted to 1.5 cm3/min and a 600mm mixing tube was added 

before the detector to allow time for the Ln; + to react with the reagent but 

minimise the detected peak width (and maximise peak height). The wavelength 

of the maximum absorbance was checked by a sequence of injections on the FIA 

system from 600-700nm and the maximum absorbance was found at 652nm. 

Figure 2.5 FIA Design for lanthanide-arsenazo(III) UV-spectroscopic analysis 

using a two line manifold 

Injection 
valve 200{, c1 

Tater 600 mni 
00MM p 

Reagent 
h 652rirti 

1.5cm3m1n 1 
Waste 

Results 

There is a negative absorbance at pH 2 (i. e. less than the system blank), there was 

a steady increase in absorbance to a maximum at pH 4.5-5.0 (Figure 2.6). The 

absorbance reduces slightly from pH 5-8 then increases slightly at pH 8.5 to the 

same absorbance found between pH 4.5-5.0. The absorbance reduces sharply 

above pH 9, however this decrease could be due either to the precipitation of 

Ln(OH)3 when the sample pH was adjusted or the complete breakdown of the 

Ln3+-arsenazo(III) complex. The drop in absorbance from pH 5-9 is within the 

analytical error of the technique and not necessarily due to the sample pH. 

The sample pH only has a significant affect at extreme low or high pH, however 

the slight variations in absorbance could be affected by the aqueous speciation in 
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the solution, therefore the pH of all solutions were adjusted before analysis to 
between pH 4-5.5, for the direct determination of total aqueous lanthanide. 

Figure 2.6 The effects of sample pH upon absorbance 
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2.2.4 Ionic Interferences 

The effects of interfering ions can be examined by spiking standard solutions with 

a variety of ions and comparing absorbance between the spiked solutions and 

standard solutions. There are a limited number of ions in the Na+-K+-C03 2--SO42" 

-OH--Cl- system, most of which are known not to interfere with the Ln- 

arsenazo(III) absorbance, however other ions may possibly interfere with the 

Ln3+ determination. Several potential interfering ions upon Nd-arsenazo(III) 

determination were investigated for their effect on peak response. 

Experimental 

A standard NdCl3 (10-5M) solution was injected to determine a standard peak 
height, a series of solutions were diluted to 10"5M Nd3+ with varied 

concentrations of potential interferences. 
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Results 

A species was considered to interfere with the determination if the ion had a 

greater than 10% effect upon the standard peak response. The level of 
interference required to affect lanthanide determination is shown in Table 2.2 

Naa, K+, Cl' and S042" have a minimal interference effect upon the lanthanide 

determination, however C032' increases the peak response due to the formation 

of CO2 from acidifying the samples, causing an increase in the refractive index of 

the solution. Excessive bubble formation from degassing CO2 can inhibit all 
lanthanide determinations in carbonate solutions as the reagent and lanthanide 

sample cannot mix before passing through the detector. 

Table 2.2 Summary of the interference ions on the peak height of a 10"5M Nd3+ 

solution 
Interferent [interferent]/[Nd] %RE 

Na, Mg , Cl', SO4 2, N03 10,000 <10 

cul: l 1,000 <5 

K 500 <5 

Ni 200 <10 

Cc l2+, Fe 200 <5 

Ba 2+, C03 2, 50 <10 

Ca 50 <5 

Co 100 <10 

V 40 <10 

Zn 2+1 Al 30 <10 
Pb 12 <10 

EDTA 1 <5 
F-- Ti 0.1 <10 
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2.2.5 Linear calibration range 

Experimental 

The FIA system for the determination of aqueous lanthanides using arsenazo(III) 

and UV-spectroscopy was optimised as a two-line system (Figure 2.5). The linear 

calibration range of the system was found by the repeated injection of a series of 

standards. The peak response was taken only after five duplicate peaks were 

obtained for each standard. 

Each sample was acidified immediately after filtration to between pH 4 and 5.5, 

to homogenise the pH of each sample before analysis. The acidification also 

reduced the carbonate concentration of each sample by degassing a significant 

amount of C02(g), which must be removed from the solution before analysis. A 

2001Al sample was injected for 15 seconds into a distilled water carrier solution, 

before mixing with the reagent solution, prior to passing through a UV-detector, 

that measured the absorbance at 652nm. The reagent solution composition and 

the FIA system parameters are given in Table 2.3 for the system calibration and 

sample determinations. 

Table 2.3 The reagent solution composition and analytical procedure for the 

analysis and calibration of an FIA-UV system for the determination of 

aqueous lanthanides using arsenazo(III) 

Carrier solution/System blank 
distilled water 

FIA system parameters 

Reagent solution Detector wavelength X 652nm 
Arsenazo(HI) O. OSg Injection time l5seconds 

Ascorbic Acid Sg Delay time 65seconds 

(Formate Buffer) Flow rate 1.5cm3/min 

Formic Acid 12cm3 

NaOH 6g 

Dilute to 1dm3 and adjust to pH 2.6 with 

HC1 

Sample solution adjust to pH 4-5.5 Sample injection volume 200µl 
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Results 

The two-line system has a linear calibration between 1x10_6M and 2x10"5M Ln3+ 

(Figure 2.7). Above 2x10_5M Ln3+(by 3x10-5M Ln3+) the calibration is not linear 

and the absorbance tapers off to a plateau (Figure 2.8). 

Figure 2.7 Linear calibration range for Ln''-Arsenazo(III) 
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Figure 2.8 Calibration range for Lni+-Arsenazo(III) determinations 

with a two-line manifold 
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2.2.6 On-line preconcentration of lanthanides to lower the analytical 
detection limit 

Solutions with less than 1x10-6M Ln3+ can be analysed by preconcentration of the 

lanthanides on an ionic resin online in the FIA system, then eluted with acid, 

before mixing with the reagent then passing through the UV detector. The 

concentration (and separation) of lanthanides upon ionic resins is an established 

technique for on and off-line analytical methods especially for ICP and AAS 

determinations which are independent of the solution conditions (i. e. pH). 

Experimental 

The two-line FIA system (Figure 2.5) was adapted to include a column filled with 

an ionic resin inserted into the carrier stream after the injection loop (Figure 2.9). 

The sample in the injection loop was replaced with HCl to elute the column. A 

three-way tap was added to the carrier stream to switch between the sample 

solution and water. A HCUNH4OH (0.4M) buffer solution was added to the 

reagent to counter the effects of the eluting acid. 

Figure 2.9 FIA design for the on-line preconcentration of lanthanides 
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The carrier line and column was washed with acid to remove any Ln3+ in the 

system, then distilled water to remove the acid. The sample was loaded onto the 

column for a predetermined time, then the 3-way tap turned to wash all the 

remaining Ln3+ in the carrier stream onto the column. The efficiency of the 

column loading can be monitored from the amount of Ln3+ passing through the 

detector. When the column has been washed with water, acid was then injected 

70 



through the column to elute the concentrated Ln3+ from the column then through 

the detector as a sharp pulse. Two further acid injections determine the efficiency 

of the acid to elute the column and regenerate the column for the next sample. 
Standards are similarly preconcentrated to give a direct comparison with the 

samples. 

Five resins, two column lengths and two acid concentrations were examined to 

determine the most suitable resin for preconcentration. The resins vary from the 

strongly cationic binding Chelex 100 (typically used for ICP-AES analysis) to the 

weakly cationic binding Amberlite IRC-50, were placed in glass tubing (internal 

diameter 4mm) to form resin filled columns, plugged with glass wool, 20mm or 

50mm in length. The columns were then eluted with either 0.01M or 0.1M HCI. 

The column was eluted three times with acid to ensure complete removal of the 

lanthanide and to regenerate the column between samples. 

Results 

The peak responses (Figure 2.10) show that a 20mm Amberlite IRC-50 filled 

column is most appropriate when eluted with 0.01M HCl for arsenazo(III)-UV 

lanthanide determination. 

The 50mm columns show a reduced response compared with the 20mm columns, 

indicating stronger acid was required to elute the Ln3+ from the column. 

However, increasing the acid concentration had a negative effect on the peak 

height (i. e. a smaller peak response) by decreasing the reaction pH between the 

lanthanide and reagent solution, which is highly pH sensitive reaction. 

Chelex 100 is the favoured resin for preconcentration before ICP analysis (Grenva 

et al., 1996), as the stronger resin is a more efficient aqueous metal concentrator, 

however the concentrated acid (above 2M) required to elute the column has a 

negative effect upon the arsenazo(III) reagent. 

71 



The 0.01M HCl used to elute the lanthanides from the amberlite IRC-50 column 

had the minimum effect upon the arsenazo(III), although there are slight negative 

peaks when the acid is injected through the empty column. 

Figure 2.10 Peak responses for the FIA-UV arsenazo(III) determinations on the 

on-line preconcentration of lanthanides on various ionic resins, to 

determine the optimum ionic resin, column length and eluting acid 

concentration 
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b=2 cm column length and 0.1 M HCI 
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The optimum column (2cm3 amberlite IRC-50) when loaded for 2 minutes has a 

linear calibration range up to 6x10-7M Ln3+, above this concentration the column 

loading is less efficient resulting in a tapering of the calibration line (Figure 2.11). 

Lower concentrations can be determined by longer loading times. 
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Figure 2.11 The calibration range for the preconcentration of Ln3, 

on a 2cm3 amberlite IRC-50 micro-column, after loading for 2 minutes, 
then eluting with HCI (0.01M) 
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2.2.7 Effects of ionic strength and loading time on preconcentration 

Ln3+can be eluted from the column at pH below 3 and will load onto the 

amberlite IRC-50 column between pH 4 and 7. Below pH 4 the LnC13 solutions 

will be partially eluted and above pH 7 hydroxy complexes dominate aqueous 

lanthanides ions, which compete with the resin for the aqueous lanthanides, 

therefore the sample will not be retained sufficiently during the loading of the 

column. 

Sample solutions primarily contain Na+, K+ and C032- ions in solution which 

compete with the lanthanides for the resin or can form aqueous lanthanide 

complexes with a negative charge that will inhibit adsorption to the resin. 

The effects of excess Na' ions on column loading 

The effects of ionic strength and competition for the resin can be examined by 

spiking standard solutions with NaCI, which do not affect the solubility of the 
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LnCl3 standards. LnC13 (lxlO-5M to 8x10-5M) solutions were diluted by 100 with 

either 0.1M NaCl or distilled water then concentrated on the column. 

Results 

Figure 2.12 The effects of loading time and NaCl concentration (0. l M) 

on column efficiency 
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NaCl (0.1M) has no apparent effect upon the preconcentration of lanthanide in 

solution at pH 5-7 (Figure 2.12). The Ln3+ ion is more strongly adsorbed than the 

Na+ at weakly acidic pH, however there is a maximum aqueous concentration of 

Ln3+ (between 4x10-7M and 6x10-7M) that can be loaded efficiently onto the 

column to give a linear calibration (Figure 2.11 and 2.12), The maximum 

lanthanide concentration that can be loaded, appears to be independent of the 

loading period, however more concentrated solutions do not require 

preconcentration. 

The interference of pH and anions on the loading of columns 

There is a further problem on the actual loading of the column. If a lanthanide 

solution contains aqueous carbonate there is a definite effect upon sample 

loading. Carbonate samples adjusted to pH 5-7, show a peak response when the 
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lanthanide solution is loaded onto the column (Figure 2.13), the peak returns to 

the baseline when the column is washed with distilled water before eluting with 

acid. 

Figure 2.13 The effects of lanthanide-carbonate complexes on loading the 

amberlite IRC-50 preconcentration column 

Water wash 

Lanthanide load 

Water wash 

Water wash 

Second acid injection 

Water wash 

Acid injection 

The lanthanide loading peak response is pH dependent and can be eliminated if 

the sample pH is altered to between pH 4-5. Typical sample solutions (Chapter 4) 

may contain between 10-50mM carbonate at pH 8-11. When the solution pH is at 

pH 5, Ln3+is the dominant aqueous ion in a 20mM carbonate solution (Table 

2.4). At the slightly higher pH of 7a significant amount (above 80%) of the 

aqueous lanthanide is present as LnCO., + or Ln(CO3)2-, which are much larger 

and lower charged complexes than Lnl+. Below pH 4 the solution is saturated in 

H+ ions and Ln3+ ions are not loaded onto the column. 
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Table 2.4 The effects of pH on Nd aqueous speciation in carbonate solutions. 

Solution composition Nd spe ciation at pH 5 Nd speciation at pH 7 

Nd3+ 5x10'7M Nd3+ 4.1x10'7M Nd(C03)2 3. lx10'7M 

Na+ 50mM NdCO3+ 8.0x10"8M NdCO3+ 1.9x10"7M 

TIC 20mM NdC12+ 5.9x10'9M Nd3+ 2.7x10'9M 

Cl' 10mM 

The carbonate in solution also has a secondary effect when acidified by degassing 

C02(g), which interferes with the analysis by the formation of large volumes of 
CO2 bubbles that alter the refractive index of the solution and interfere with the 

analysis. 

2.2.7 Lanthanide-arsenazo(III) analysis summary 

Arsenazo(III)-UV analysis is a cheap, simple method for the multiple analysis of 

trace lanthanide determination in solution, which does not require extensive 

sample pretreatment before analysis. The linear calibration range from 1x10-6 M 

to 2x1 0'5M, or from 2x10'8M to 6x10-7M total aqueous Ln3+ when 

preconcentrated on-line for 2 minutes on an amberlite IRC-50 resin, is 

significantly lower than standard flame or graphite furnace AAS techniques. 

The only sample preparation required is acidification to pH 4.5-5.0 before 

analysis to reduce analytical errors due to the effects of sample pH upon the peak 

response. The pH ensures that the sample can be preconcentrated without further 

treatment if required. 

The initial peak height reproducibility within samples is often poor, and a series 

of up to ten injections is required before a reliable average peak height can be 

calculated. The peak height usually starts as a maximum or minimum 
(independent of the previous sample or standard) before gradually levelling off to 
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a stable plateau of±lmV from a set of at least five sequential injections, the 

variation in peak height is rarely random. 

Calibration standards using the peak height of the plateau form a linear calibration 
line with an R2 within the range of 0.9977-1.000. The peak heights from the 
initial injections of each sample or standard often bear no resemblance to the 

plateau peak height. 

2.3 Ce Analysis by fluorescence spectroscopy 

Fluorescence is the radiation emitted when an ion or molecule excited by the 

adsorption of radiation returns to the ground state. The wavelength of the emitted 

energy is displaced to a lower frequency than the exciting radiation due to a slight 
loss of vibrational energy to the surroundings. Most fluorescence occurs from 

organic molecules or biorganic compounds however some lanthanides, uranium 

and thorium are the only simple inorganic ions that fluoresce. In 1968 Cukor and 
Weberling suggested Ce3+(aq) could be determined by fluorescence in solution 

without pretreatment and little inorganic interference. Nd3+2 Na+, K+9 Cl", S042 

and C032" do not significantly interfere with the fluorescence. The intense Ce3+ 

fluorescence is however influenced by pH. Below pH 4, the Ce3+(aq) intensity is 

constant, but decreases (or quenched) as Ce3+ hydrolyses (Jianxin et al., 1998). 

N03 and Fe(III) are notable exceptions to the simple common ions as they also 

adsorb the excitation energy required to promote Ce3+ fluorescence. The Fe(III) 

interference can be eliminated by reduction to Fe(II), but N03' must be removed 
from the sample. The Ce3+ fluorescence is also quenched by oxidation to Ce4+, 

this regular quenching has led to the indirect determination of other elements such 

as Eu 3+, As(V) and Fe 3+ by Al-Sowdani and Townshend (1987) which oxidise 

Ce3+ to Ce4+ 
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2.3.1 Determination of the optimum fluorescence excitation and emission 

wavelengths 

Al-Sowdani and Townshend (1986) suggest the maximum fluorescence occurs 

with an excitation wavelength of 260nm and emission wavelength of 350nm. The 

emission and excitation wavelengths were confirmed by an emission and 

excitation scan from 200-800nm with 1x10-5M CeCl3, by holding the emission or 

excitation wavelength constant and varying the excitation and emission 

wavelength respectively upon a Kontron Instruments SFM25 Spectrofluorimeter. 

The wavelength scans show an emission maximum at the excitation wavelength 

and 550nm for the Ce solution and the water blank and a peak due to Ce3+ alone 

at an emission wavelength of 360nm (Figure 2.14). The fluorescence maximum 

was found with an excitation wavelength of 259nm. 

Figure 2.14 Ce3+ flourescene emission scan Excitation k 274nm 
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The aqueous Ce3+ concentration in simple inorganic solutions was measured 

directly by the fluorescence emitted in a Kontron Instruments SFM 25 

Fluorimeter. All sample and standard solutions were acidified with H-, S04, then 

78 

300 400 500 600 700 800 

X/nm 



2 cm' of each aqueous solution was transferred to a quartz glass cell, and placed 
in the spectrofluorimeter. the sample was excited at 259nm and the relative 

fluorescence of the Ce; + (aq) emission was measured at 360nm. 

The aqueous Ce3+ concentration is directly proportional to the fluorescence 

emission peak height, which gave a linear calibration between 5x 10-8M and 1x10- 

4M Ce'+ with an R` above 0.99 (Figure 2.15) 

Figure 2.15 Ce'- Fluorescene Calibration 
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Figure 2.16 Comparison of the effects of acid on the quenching 
of Ce" fluorescence of aqueous 4x 10-6 M CeCI; solutions 
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The effects of acid quenching on Ce3+ fluorescence 

Care must be taken when acidifying the sample and standard solutions to below 

pH 4 without using HNO3, the standard acid used to acidify samples, as the N03 

ion has a significant quenching effect (Figure 2.16). If other unknown nitrates 

were present in the sample, a similar quenching effect would occur. 

2.4 ICP-MS analysis 

Inductively Coupled Plasma (ICP) is a method of generating a high temperature 

environment (above 5000K), which is capable of ionising most elements (Evans, 

1998). The plasma will ionise multi-element samples (or standards), which are 

usually introduced as aqueous solutions, before the successive determination of 

each element. The ionised elements are usually detected by one of two methods, 

Atomic Emission Spectrometry (AES) or Mass Spectrometry (MS). ICP-AES is 

not routinely used for lanthanide analysis as detection limits are higher than for 

ICP-MS techniques and the close emission lines from mixtures of lanthanides 

often interfere. In contrast the lanthanides are heavy metals, each of which has a 

unique stable isotope, which can be detected in mixed systems. 

Plasma generation 

The plasma is generated by coupling radiofrequency energy into a gas via a' 

magnetic field which is induced through a two- or three-turn water cooled copper 

coil. Two Ar gas flows flow through the outer tubes of a concentric, three-tubed 

silicon torch in the copper coil. These two gas flows become turbulent as they 

merge within the torch. An introduced spark seeds the gas with electrons, which 

accelerate in the magnetic field and reach energies that ionise the Ar gas into a 

plasma. The plasma is self-sustaining through almost instantaneous collisions 

with other gaseous atoms. The magnetic field causes the ions and electrons to 

flow in the horizontal plane of the coil, heating the neutral argon by collisions 

that produce a plasma that ranges in temperature from 8000-10000K down to 

5000-6000K in the tail flame. 
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The sample is introduced within an Ar gas flow through the central quartz tube 
into the plasma. 

The plasma causes almost complete decomposition and ionisation to singly 

charged ions of most of the elements. Most elements are over 80% ionised with 

the notable exception of the halogens and noble gases. 

Quadrupole mass analyser 

Quadrupoles are four metal rods into which a combination of radiofrequency (RF) 

and direct currents (DC) are applied to each pair of rods to create an electric field 

between the rods which allow ions in a narrow mass/atomic number (m/z) range 
to pass through. Changing the RF/DC ratio allows the quadrupole to scan through 

a range of m/z for specific isotopes. The number of ions of each required isotope 

entering the detector per second is then counted. 

Sample Preparation 

The samples were analysed using a Fisons Instruments VG Elemental Plasma 

Quad 2+ ICP-MS which was tuned to Pr (which exists as the single isotope 141Pr). 

All the samples and standards were spiked with Rh (100ppb) as an internal 

standard, then acidified with 10% HNO3, to stop precipitation of the Rh. The 

solution was then analysed for Rh, Ce, Nd and Eu. Each lanthanide has at least 

one unique isotope (Table 2.5) which can be analysed sequentially and a detection 

limit of approximately 10'8M in aqueous solutions, using the appropriate 

lanthanide standards and a solution blank. 

Interferences occur from the masses of Ar-air complexes, which occlude some 

elements i. e. C, S and the first transition period. This interference does not occur 

with heavier metals such as the lanthanides. 

81 



Table 2.5 Isotopes used for the aqueous lanthanide ICP-MS analysis 

Element Rh Ce Nd Eu 

Isotope 103 140 146 151 

% Natural abundance 100 88.5 17.2 47.8 

Figure 2.17 The ICP-MS calibration from 5xl0-9M to 1x10 ̀ M 

of aqueous Nd and Eu 
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There is a greater response (and consequently lower detection limit) for Eu than 

Nd (Figure 2.17), due to the larger proportion of the Eu isotope used for the 

analysis (Table 2.5). Similarly Ce, would be expected to have an even lower 

detection limit than Eu. 

2.5 Comparison of the aqueous lanthanide analytical techniques (FIA-UV, 

ICP-MS and fluorescence spectroscopy) 

FIA-UV arsenazo(III) is a cheap simple convenient bench top analytical technique 

that does not require the facilities or expense required for ICP analysis, however 

detection limits for preconcentration with arsenazo(III) are similar to that of the 

82 

0 2x106 4x106 6x10-6 8x10- 1x10` 

[Ln)/M 



ICP-MS. There is a close agreement between the Arsenazo(III) and ICP-MS 

techniques (Table 2.6), for the determination of a set of Nd and Eu samples. 

Table 2.6 Comparison of duplicate FIA-arsenazo(III) and ICP-MS analysis for 

Nd and Eu bearing samples 
Sample ICP-MS I ICP-MS II FIA I FIA II 
NdC 7a 2.9x10'6M 2.8x10'6M 2.2x10-6M 4.3x10-6M 

NdC 7b 1.4x10"7M 1.4x10'7M 5.4x10"7M 3.5x10"7M 

NdC 7c 2.8xlO 7M 2.7x10"7M 6.5x10"7M 8. lx10'7M 

NdC 7d 6.9x10"7M 6.7x10'7M 5.9x10-'M 3.5x10-6M 

NdC 7e 5.3x10-8M 5.1x10-8M 8.3x10"7M 3.2x10-6M 

NdC 7f 3.4x10'7M 3.3x10'7M 1.2x10'7M 4.7x10'7M 

EuC 7a 4.2x10'5M 4.3x10"5M 4.0x10"5M 

EuC 7b 3.6x10"5M 3.8x10"5M 2. lxlO'5M 

EuC 7c 1.3x10"6M 1.6x10'6M 6.3x10'7M 

EuC 7d 3.1x10'5M 3.3x10"5M 1.7x10"5M 

EuC 7e 4.2x10"5M 4.4x10"5M 3.5x10"5M 

EuC 7f 5.0x10'6M 5.2x10'6M 

The ICP-MS has the advantage of the simultaneous determination of each 
lanthanide element, whilst the FIA-arsenazo(III) technique is not element 

specific, but determines the total lanthanide content, solutions of mixed 
lanthanides cannot therefore be determined. The FIA-arsenazo(III) technique is 

also dependent upon the solution composition, peak height can be reduced if the 

sample is not at the optimum pH and transition metals can complex with the 

arsenazo(III) and displace Ln3+ from the coloured complex. 

Spectrofluorescence is the simplest of the aqueous analytical methods used with 

very low detection limits down to 5x10-8M Ce3+, however its use is restricted to 

Ce3+ analysis (or Eu 3+ by interpolation) and therefore cannot be used for other 
REE analysis. 

83 



2.6 Aqueous sodium and potassium determination by flame photometry 

The characteristic emission colour of group I metals upon heating in a flame is a 

convenient method of analysis for dilute Na and K solutions by flame photometry. 

When Na+ or K+ ions are aspirated into a flame the excited electrons emit 

radiation when they return to the groundstate at the characteristic wavelengths of 

589.2nm and 766.5nm for Na and K respectively. 
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Each sample and standard was aspirated directly into the flame of a Jenway PFP7 
Flame Photometer, without pretreatment. The emission was then measured at the 

appropriate wavelength for Na"*, then the process repeated for K+. Calibrations 

have shown that the emission is linear in dilute solutions from 5x10-5M to 

5x10-4M solutions, samples outside this range were diluted to within the linear 

calibration range. The calibration range for Na+ is shown in Figures 2.18 and 
2.19. 

2.7 Powder X-Ray Diffraction (XRD) 

Powder XRD analysis is an analytical technique that defines crystal structure. 
When a solid is placed in front of an X-ray source, most X-rays pass directly 

through without intersecting the nucleus of the constituent atoms, however a 

portion of the incident X-rays are diffracted. The diffracted X-rays follows a 

regular pattern as the X-rays are diffracted from the crystal planes (Battey, 1984). 

The wavelength of x-rays used in XRD analysis is of the same order of magnitude 

as the distance between crystal lattice points. W. L. Bragg in 1912 showed that 

X-rays were reflected from the planes of atoms in the crystal structure. When X- 

rays strike a set of crystal planes the X-rays penetrate or are reflected by a plane. 

When the reflected X-rays are out of phase they interfere with each other and are 

destroyed, however when in phase from reflections of an even number of 

parallel crystal planes, constructive interference reinforces the number of X-rays 

reflected from a crystal plane. 

The Bragg Law: 

n%, = 2dsin8 

describes the condition for successful reflection where d is the crystal plane 

spacing, X is the frequency of the X-rays and 0 the defracted angle of the X-rays. 

From the Bragg condition (Figure 2.20) a set of planes of particular spacing (d) 

can reflect X-rays of a given wavelength at one angle of incidence only. The 

XRD will therefore construct a unique fingerprint for each crystal type. 
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Figure 2.20. The Bragg condition 

Incident X-ray Diffracted X-ray 

The crystal plane spacing (d) is unique to each crystal type and therefore even 

similar crystal structures such as NdCO3OH and EuCO3OH which have the same 

crystal type will have a uniquely identifiable pattern. Even though the pattern 

may appear the same, the systematic decrease in d-spacing from the small 

decrease in the Ln3+ion size along the group results in an increase in 20. 

Amorphous samples cannot be identified as the lack of a crystal structure results 
in continuous destructive interference and therefore a continuous background 

signal. 

Table 2.7 XRD analysis parameters 

Tube Anode: Cu 

Generator tension [kV]: 40 

Generator current[mA]: 30 

wavelength [A]: 1.54060 

Irradiated length [mm]: 12 

Receiving slits [mm] : 0.2 
Start angle [20] : 5.000 

End angle [20] : 80.000 

step size [20] : 0.040 

Time per step [s] : 1.000 
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The XRD patterns were recorded upon a Phillips PW 1710 Powder X-Ray 

Diffractor with the same analysis parameters shown in Table 2.7. The crystals are 

powdered to ensure that all the possible crystal planes are facing in all directions 

and to maximise the number of diffractions. The angle (°20) of the diffracted X- 

rays were recorded to determine the crystal spacing (d) and the number of X-rays 

(counts per second) for each value of 20, to give the peak intensity. 

The unique crystal structure of the solids studied was then determined from 

comparisons with known patterns from literature data and the JCPDS database. 

2.8 Infra-Red Analysis 

The vibrational spectra of inorganic and organic compounds is an established 

technique to identify the functional groups present, however it is not sensitive to 

identify the actual metal in a complex. The technique is particularly useful in 

identifying the presence (and environment) of hydroxide, bicarbonate, carbonate, 

sulphate and hydrated water in a compound which are often difficult to determine 

by other means in a solid phase. 

When molecules absorb energy from the infrared range between 100µm 

(100cm") and 1µm (10,000cm") bonds vibrate at frequencies characteristic of a 

particular vibration. These vibrations can be identified by identifying the 

frequency energy is absorbed by a sample when scanned across the infrared 

range. 

The planar carbonate ion has a total of 6 vibrational modes, although only four 

are used to identify the presence of carbonate in a solid phase (Figure 2.21). The 

vi symmetric stretch should not be infra-red active, as it does not affect the 

molecule's dipole moment. However, crystal lattice defects in the solid phase 
distort the molecular shape resulting in a minor peak. The v3 and v4 stretches 

form as doublets and the V3 stretch forms as a distinct doublet for the lanthanides 

even when trace quantities of CO2 have contaminated the sample. 
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Figure 2.21. Carbonate ion vibrations 
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The tetrahedral sulphate ion is also characterised from four modes of vibration, 

although the sulphate molecule has a total of 9 vibrational modes (Figure 2.22), 

the most distinctive of which is the V3 asymmetric stretch at approximately 

1100cm'1. Crystal lattice defects will also distort the sulphate molecule in a 

similar manner to solid phase carbonates therefore the sulphate vl symmetric 

stretch which should also be infra-red inactive can be determined. 

Figure 2.23 Coordinated water vibrations 
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Lattice water absorbs between 3550-3200cm1 as asymmetric and symmetric OH2 

stretching, normally as a broad band incorporating a variety of stretches which 

can only be properly distinguished at high resolutions (Nakamoto, 1986). H-0-H 

bending occurs between 1630-1600cm". Coordinated water includes the lattice 

water vibrations plus three additional vibrations, wagging, twisting and rocking 

(Figure 2.23). 

Hydroxyl groups (OH') have a single strong sharp stretch at -3600cni 1 and a 

second vibration from M-O-H bending at -680cm'1 for the lanthanides and 

americium (Morss and Williams 1994). 

Most M-O and M-Cl vibrations occur below 450cm7' and are not as distinctive or 

as strong as the OH', H20, C032' and S042" groups, therefore they have not been 

used to characterise the compounds. 

Samples for infrared analysis were prepared as KBr disks made from a 100: 1 ratio 

of KBr to sample and the spectrum recorded on a Perkin Elmer 1600 series FTIR 

between 4000cm 1 and 450cm 1 and the functional groups assigned from literature 

data. 
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2.9 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is the measurement of mass loss of a sample 

with the controlled increase in temperature due to thermal decomposition. 

If the exact formula of the TGA end product can be established (generally a metal 

oxide), then back calculations can define the exact formula of a starting material 
(e. g. Haines, 1995 or Dodd and Tonge, 1987). 

The technique is particularly useful to determine the exact C032 
, 

OH', H2O or 

S042" content within a sample as it decomposes to an oxide. Hydroxides and 

crystalline water decompose and evaporate as water vapour. Carbonates 

decompose in two stages, the formation of an oxycarbonate, then the oxide with 

the loss of C02(g) (Table 2.8). Sulphates similarly decompose to oxysulphates 

and oxides with SO2® and SO3® evolved. 

Thermal decomposition is carried out with a Perkin Elmer TGA 7 under a N2W 

atmosphere to stop the reaction with atmospheric oxygen. The thermal 

decomposition is limited to below the evaporation temperature of the metal 

components. The mass loss calculations assume all mass loss is due to the 

volatile species alone e. g. H20(g), C02(g) and S03(g). 

Table 2.8 The thermo-decomposition temperature range of hydrated lanthanide 

carbonates and hydroxides 

25 °C-60°C loss of adsorbed H2O 

60°C-120°C loss of crystalline H2O 

370°C - 450°C decomposition of C032" and OH" as the loss of CO2 or H2O 

>600 °C loss of any remaining C032- as CO2 
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Chapter 3 

Titrations of lanthanide chlorides 

in the carbonate-hydroxide system 

with sodium and potassium 
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3.1 Introduction 

The bulk composition of a solution depends on the host material through which 

the groundwater flows. Initially solutions are derived for example, from 

rainwater and contain very few trace anions and cations. As surface water 

percolates through the earth, Na+ and Cl' ions dissolve as the most soluble of the 

common elements. The ionic strength of the solution increases by the further 

Z+ dissolution of Ca, Mgt+, CO3 2' and SO4 2- ions whilst iron and silicate 

containing minerals tend to remain in the solid state or dissolve at a much slower 

rate except at extreme conditions of acidic pH or alkaline pH solutions in which 
Fe and Si respectively increase in solubility. 

Clay-lined concrete repositories have been proposed for the long-term storage of 

nuclear waste to inhibit dissolution and transport of the waste. The pH of the 

incoming groundwater is buffered from the dissolution of concrete, by releasing 

Ca2+ and C032" ions into solution. The relative amount of other ions i. e. Mgt+, 

K+ and S042 will depend on the actual composition of the host material. This 

' bulk solution composition can be significantly modified by the equilibrium with 

host rocks and mixing with other fluids away from the repository. 

The solubility of a metal, e. g. Am or a lanthanide is limited by the 

thermodynamic reaction constant for the dissociation reaction of an equilibrium 

solid phase (Chapter 4) and the activities of all the component ions in equilibrium 

with the equilibrium solid phase. The equilibrium solid phase must be identified 

for the variations in groundwater chemistry and predicted repository compositions 

which may occur, to enable the calculation of the solubility limit of the target 

elements, e. g. the lanthanides Ce, Nd and Eu and ultimately to model the 

solution and mobility rates through a wide range of conditions. Initially within a 

waste repository the near field conditions are characterised by alkaline pH and 

high concentrations of Cat+, CO32", SO42", Na+ and Cl' ions in solution, which 

will change as a result of dilution and dispersion of the fluid away from the 

repository. A wide range of conditions must be examined to determine if there 

are any variations in the nature of the solubility limiting phase (i. e. the least 
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soluble phase under specific conditions) across a pH range from pH 6-12 with an 
increase in the ionic strength of the solution. 

Carbonate and phosphate minerals are the most important natural source of REE 

e. g. bastnaesite, parisite, monazite and xenotine. REE minerals form as mixed 

Ca2+-Ln3+-C032'-F"-OH' or Ca2+-Ln3+-P043'-F'-OH' phases which crystallise 

from hydrothermal solutions or magmatic liquids. The mixed calcium-lanthanide 

minerals usually decompose when formed from solutions below 90°C to form 

lanthanide and calcium fluoro-carbonates or phosphates dependent upon their 

respective activities in solution (William-Jones and Wood, 1992). 

Carbonate is the most common simple complexing ion which is abundant in 

groundwater systems and the mineral lanthanite, Ln2(CO3)3.8H20, has been 

noted as a weathering product (William-Jones and Wood, 1992). The lanthanide- 

carbonate-hydroxide system will therefore be examined as F and P043- have a 

limited abundance in the environment. The effects of S042- ions will be examined 

in Chapter 5. Ca2+ ions are excluded as CaCO3 could form as a solid phase within 

the system and its precipitation may interfere with the solution composition by 

removing Ca2+ and C032" ions and possibly induce co-precipitation of lanthanide 

phases or surface reactions, Carroll (1993). Literature data for lanthanides and 

their actinide analogue Am suggests that three main lanthanide phases can form; 

which are lanthanide carbonate, Ln2(CO3)3, lanthanide hydroxycarbonate, 

LnCO3OH, and lanthanide hydroxide, Ln(OH)3, depending upon the pH and 

carbonate activity of the solution (Vitorge, 1992). 

A series of titration experiments were designed to show how the Ln3+-Cl'-OH'- 

C032- system changes due to the sequential addition of sodium hydroxide or 

sodium carbonate. Titrations were run to initially examine the reaction of LnC13 

with NaOH. Following this, the carbonate ion was used in place of the 

hydroxide. The lanthanide, carbonate and hydroxide solutions used in the 

titrations were prepared from either the sodium or chloride salts as they are very 

soluble. Na+and Cl' ions will also be present in all natural solutions and the 

potential effect of these elements must also be modelled. 
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The system is significantly affected by absorption of atmospheric CO2. Therefore 

to prevent any carbonate contamination the titration solutions and any products 

formed all reactions were prepared using degassed distilled water; prepared by 

boiling distilled water under a nitrogen atmosphere and bubbling N2(g) through 

the water to displace any dissolved CO2 and 02. The water was allowed to slowly 

cool to room temperature whilst still bubbling N2(g) to saturate the water with N2, 

to prevent the re-adsorption of CO2. 

Lanthanides typically form as Ln3+ ions and the expected endpoint of the titrations 

can be estimated from the reactions 3.1 and 3.2 

Ln3+ + 30H- ) Ln(OH)3 (3.1) 
2Ln3+ + 3CO3 > Ln2(CO3)3 (3.2) 

An excess of hydroxide or carbonate solution (4mmols) was therefore titrated 

against a constant amount of LnC13 (Immol) where Ln = Ce, Nd, Sm or Eu, to 

allow a sufficient amount of precipitate to form and be characterised and ensure 

that any reaction was complete. 

3.2 Experimental-General Titration Procedure 

Stock solutions of LnC13 (0.2M, 5 cm3), where Ln = Ce, Nd, Sm or Eu were 

prepared by dissolving LnC13.6H20 in degassed distilled water (Table 3.1). 

A5 cm3 aliquot of the stock solution was diluted to 160 cm3 with degassed 

distilled water to give a starting concentration of 6.25x10"3 M LnC13. The solution 

was placed in a 250 cm3 three-necked round bottomed flask, which had been 

previously degassed with N2(g) to ensure an inert atmosphere. Nitrogen was 

continuously bubbled into the vessel through one side neck to ensure a positive N2 

atmosphere. A pH electrode (GK 2401C combined glass electrode) was fitted 

securely to the second side neck and the pH measured on a Radiometer PHM 85 

Precision pH meter. A burette was placed in the centre neck. The solution was 

stirred with a magnetic stirrer. 
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Table 3.1 Chemicals and dilutions of the stock solutions used in the titrations 

F. W. Dilution conc 
(gmol- t) 

CeC13.7H20 372.59 18.6295g 0.2M 
(99+%) in 250 cm3 

NdC13.6H20 358.69 17.9345g 0.2M 
(99.9%) in 250 cm3 
SmC13.6H20 364.80 18.240g 0.2M 
(99.9%) in 250 cm3 
EuC13.6H20 366.41 18.3205g 0.2M 
(99.9%) in 250 cm3 
NaOH 40.00 2.00g 0.1M 
(Analar) in 500 cm3 
KOH 56.11 2.8055g 0.1M 
(Analar) in 500 cm3 
NaHCO3 84.01 4.2005g 0.1M 
(Analar) in 500 cm3 
Na2CO3 105.99 5.2995g 0.1M 
(Analar) in 500 cm3 
K2C03 138.20 6.910g 0.1M 
(Analar) in 500 cm3 

The solution was titrated with a series of titre solutions of NaOH, NaHCO3, 

Na2CO3 or K2C03 (0.1M, 40cm3). The titre solution was added dropwise using 

the burette. After each addition, the solution was allowed to equilibrate, which 

was indicated by a stable pH reading. The pH was then recorded prior to further 

addition. Each titration was repeated three times for each lanthanide chloride. 

At the end of the titration, the contents of the flask were transferred to a 250 cm3 

HDPE Nalgene bottle under an atmosphere of N2. The precipitate formed during 

the reaction was then filtered through a Whatman N°4 sintered glass crucible 

washed with water and then dried over silica gel in a vacuum dessicator. The 

solid phases were analysed by IR, XRD and TGA (Chapter 2). 
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3.3 Titrations of LnCl3 with NaOH 

3.3.1 Experimental 

The titration were carried out following the method outlined in Section 3.2, and 

NaOH (0.1M, 40 cm3) was used as the titre solution. 

3.3.2 Results 

The starting solutions of lanthanide chloride were clear, Ce and Eu were 

colourless , Nd purple and Sm was slightly yellow at pH 4-6. On the addition of 

0.1 cm3 NaOH there was an initial increase in pH to pH-8 (Figure 3.1), the pH 

was then buffered during further titre additions. Each addition results in an 

immediate increase in pH which then slowly decreases to an equilibrium value. 

The equilibrium pH increases by pH 0.005 units with every 5 cm3 of NaOH 

solution. The buffer zone extends until 26 cm3 of NaOH had been added at pH 

8.75. A gelatinous precipitate forms at the end of the pH buffer zone, which is 

purple for Ce, lilac Nd, cream Sm and white Eu. The pH rises rapidly after 26 

cm3 of NaOH solution had been added and increases to pH 11 after the addition of 

30 cm3 of NaOH solution. This rise in pH is accompanied by a rapid precipitation 

causing the solution to become opaque at pH 11. The rate of pH increase then 

slows and approaches the pH of the titre solution. The purple Ce precipitate 

slowly changes colour at pH > 10 to yellow, the Nd, Sm and Eu gelatinous 

precipitates do not change colour 

At the end of the titration, the precipitate was allowed to settle and the remaining 

solution was clear and colourless for each lanthanide system. All the lanthanide 

elements examined give almost identical titration curves. The end solution was 

filtered and the solid phase analysed by FTIR, XRD and TGA to characterise the 

precipitate. 
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Figure 3.1 Typical titration curve for lmmol NdC13 with 4mmols NaOH 
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The Nd, Sm and Eu precipitates were characterised as Ln(OH)3 (Section 3.3.3) 

and the reaction occurring can be written as equation 3.3, leaving Na+ and Cl' 

ions in solution. 

Ln3+ + 30ff ' Ln(OH)3 (aq) > Ln(OH)3(s) (3.3) 

An intermediate aqueous species must form to buffer the solution pH during the 

successive addition of NaOH as there was no visible precipitate to remove the 

01T from solution. 

The Ce system follows a three-stage reaction. The first stage when pH was 

buffered to produce an aqueous Ce(OH)3 complex (equation 3.4) then a second 

stage precipitate followed by a third stage redox reaction associated with the 

colour change (equation 3.5) possibly forming Ce(OH)a(s) as an intermediate 

phase, before altering to Ce02(s). However the identification of a Ce(OH)4(s) 

could not be confirmed as the purple precipitate altered to the yellow (CeO2) 

phase upon drying. 

Ce3++ 30W -+ Ce(OH)3(aq) (3.4) 
Ce(OH)3(aq) + H2O (aq) - Ce(OH)4(s) +'/zH2 -* Ce02.2H20(s) (3.5) 

purple --* yellow 

98 

0 10 20 30 40 



3.3.3 Characterisation of Precipitate 

The dried precipitates were characterised using the techniques described in 

Chapter 2. The FTIR spectras (Figure 3.2, Table 3.2), XRD patterns (Nd and Eu 

shown in Figure 3.3 for Nd and Eu, Ce shown in Figure 3.4, Table 3.3) confirm 

the end precipitates are the lanthanide hydroxide, Ln(OH)3, for Nd, Sm and Eu 

and Ce has been oxidised to form Ce02. The crystal structures were confirmed by 

comparisons with reference patterns from the JCPDS database. 

The IR hydroxide spectra is characterised by a strong very sharp O-H stretch at 

3606 cm-1 next to a broad H2O stretch between 3500 cm"' and 3400 cm"' There is 

a further O-H bend at 680 cm". A doublet at 1500 cm-1 indicates there is slight 

C03 2- contamination which probably results from absorption of atmospheric CO2 

during the filtering and washing stages. Diakonov et al., (1998) suggest that the 

CO32. contamination is the result of surface layer alteration which can only be 

distinguished by infra-red analysis. 

The FTIR spectrum of the Ce precipitate indicates that a hydroxide stretch was 

not present and the only IR stretch was from crystalline water. The XRD pattern 

of Ce02 is significantly different from the Ln(OH)3 pattern, although both 

patterns have a maximum peak height of 600 counts/second, indicating that the 

precipitates are poorly crystalline. The wet purple sample had no distinguishable 

crystal structure from XRD analysis and the broad water absorbance band from 

excess water in the sample occluded any possible OH" stretch, therefore any 

confirmation of a formula could not be made. 
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Figure 3.2 FTIR Spectra of the end precipitate (CeO, and Ln(OH); ) 
of the NaOH titrations 
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Table 3.2 FTIR stretches for hydrated Ln(OH)3 and CeO2 

Ce-ppt Nd(OH)3' Nd- 
precipitate 

Sm(OH)3' Sm- 
precipitate 

Eu- 
precipitate 

v0-H 3608±1 3609 3608±1 3608 3608 

$O H 673 688 692 696 701 

v0 H, 3340 3432 3420 3422 

$O-H, 1624 1633 1636 1638 

VICO, '- (1067) (1064) 

výCO3' (850) (845) (848) 

-v; -, -Col' (1504/1384) (1506/1379) (1507/1382) 

v, CO, '- 

Merl et al (1997) () minor peaks 
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Figure 3.3 XRD pattern of 1401-J identified from 
JCPDS reference pattern 6-601 
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Figure 3.4 XRD pattern of CeO, identified from 
JCPDS reference pattern 34-394 
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Table 3.3 XRD d-spacing for CeO2 and Ln(OH)3; End precipitates from the 
NaOH titrations 

'CeO2 Ce- precipitate Nd(OH)3 Nd precipitate Sm- 
precipitate 

Eu(OH)3 Eu- precipitate 

d( A) d( A) 20 d( ) d( A) 20 d( A) 20 ---d-( W-) d( A) 20 
3.128 3.1251 28.54 5.570 5.5366 16.00 5.3975 16.41 5.520 5.2668 16.82 
2.705 2.6872 33.32 3.200 3.1642 28.18 3.180 3.1048 28.73 
1.913 1.9011 47.81 3.080 3.0760 29.01 3.0 440 29.52 3.050 2.9661 30.11 
1.631 1.6335 56.27 2.768 2.7548 32.48 2.7254 32.84 2.757 2.6876 33.31 
1.562 1.5704 58.75 2.450 2.4213 37.10 2.399 
1.353 1.3571 69.17 2.217 2.2138 40.73 2.1881 41.23 2.202 2.1588 41.81 

2.092 2.0930 43.19 2.080 2.0510 44.12 
1.848 1.8657 48.77 
1.842 1.8268 49.88 1.837 

1.828 
1.7646 51.77 1.8043 50.55 1.810 1.7860 51.10 

1.733 1.7102 53.54 
1.605 1.6109 57.14 1.5896 57.97 1.589 

1.585 1.5677 58.86 
1.540 1.5464 59.75 1.52T- 

1.4568 63.85 1.524 1.3930 67.15 
1.417 1.4159 65.92 1.4106 66.20 1.410 
1.392 1.3928 67.16 1.374 1.3625 68.86 
1.311 1.3139 71.79 
1.290 1.2957 72.96 1.295 1.2855 73.63 

1.262 
1.2127 78.87 1.201 

1.194 
1.189 
1.171 

Literature values JCPDS Powder Diffraction Files `34-394, `6-601 and '17-781 

3.4 Titrations of LnC13 with NaHCO3 

Preliminary titrations of LnC13 solutions with NaHCO3 have shown that a 

precipitation forms after the first the first 0.5cm3 of titre is added. Therefore the 

titrations were repeated after the starting LnC13 solution was acidified with HCl to 

pH 2 to determine the point of the initial precipitate. The LnC13 titrations were 

carried out manually and using a Mettler DL70 Autotitrator. 
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3.4.1 Experimental 

The titrations were carried out following the method outlined in Section 3.2, with 
NaHCO3 (0.1 M, 40cm3) as the titre solution. 

The acidified LnC13 starting solution was prepared from a 5cm3 aliquote of LnC13 

stock solution and HCI (0.1M, 5 cm3) and diluted to 160cm3 with degassed 

distilled water. The solution was then titrated with NaHCO3 (0.1M, 60 cm3). 

Titrations were also carried out with a Mettler DL70 Autotitrator. The titre 

solution was added as a constant volume (0.05 cm3) at 30 second time intervals, 

the reacting solution was therefore not allowed to equilibrate between each 

addition if equilibration took longer than 30 seconds. 

After the final addition of NaHCO3, the contents of the reaction vessel were 

transferred to 250cm3 HDPE Nalgene bottles and sealed under an atmosphere of 

N2 to prevent any adsorption of CO2. The precipitate formed during the reaction 

was then filtered through a Whatman N°4 sintered glass crucible washed with 

water and then dried over silica gel in a vacuum dessicator. 

3.4.2 Results 

The addition of a small amount of NaHCO3 to the lanthanide chloride solution 

causes an initial rise in pH from pH 5.5 to 6.8, after which the pH remains 

constant until lcm3 of titre is added (Figure 3.5). This initial rise in pH is 

accompanied by the formation of a precipitate. Further addition of NaHCO3 to 

the reaction mixture causes an initial increase in pH which then slowly decreases 

to a steady value. The stable pH reading indicates that the solution has attained 

equilibrium. 

To prevent immediate precipitation of the solid phase on addition of the first of 
NaHCO3 titre, the starting solution was acidified. Acidifying the starting 

solution to pH 2 with HCl had no effect on the pH of the initial precipitation at pH 
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6.5-7.0. The first 5cm3 of NaHCO3 in the acidified titrations was used to 

neutralise the added HC1(Figure 3.6). No precipitation was observed during this 

"neutralising" stage. Further titre addition was marked by an immediate increase 

in pH followed by a slow decrease in pH until equilibrium was obtained. During 

this addition of NaHCO3 solution precipitation of an initially amorphous phase is 

observed which is white for Ce and Eu, lilac Nd and a cream/yellow coloured 
Sm. 

In both the acidified and non-acidified solutions, the titration follows the same 

pattern for all the elements studied. Although Ce exhibits slightly different 

behaviour in the initial stages of the titration when a pH maximum is reached for 

up to 5cm3 of titre, then drops sharply by 0.5 pH units, before following the 

buffer pattern shown by Nd, Sm and Eu. 

Precipitation continues until 24.5 cm3 and 29 cm3 of NaHCO3 at pH-5.9 for the 

lanthanide and acidified lanthanide solutions respectively. At 30cm3 and 35cm3 

for the lanthanide and acidified lanthanide solutions respectively the solution pH 

increases sharply on the addition of the next 5 cm3 of NaHCO3, and then starts to 

plateau towards the end of the titration at pH 8.5. 

The lanthanide and acidified lanthanide titration curves can be superimposed on 

each other along the buffer zone and final pH rise when the 5cm3 of NaHC03 

used to neutralise the HCl is taken into account. 

The maximum titration run of 100 minutes for the autotitrator restricts the total 

time for the titration, the solution cannot therefore achieve equilibrium between 

each addition, which may take over 10 minutes at particular points especially 

when precipitating along the buffer zone. There is therefore a small net gain in 

pH for the autotitrated runs compared to when the solution is allowed to come to 

equilibrium along the buffer zone. The net gain has little effect on the endpoint of 

the titration, shown by a rapid rise in pH towards the pH of the titre solution. 
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Figure 3.5 Manual titration curve for I mmol NdC13 with 4mmols NaHCO3 
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Figure 3.6 Autotitrated titration curve for 
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The reaction can be written in two stages. Initially neutralisation of the HCl 

(equation 3.6) 

'/2HC1 + '/2NaHCO3 '/2NaC1 + VZH2CO3 (3.6) 
5cm3(0.1 M) 5cm3(0.1 M) 

followed by precipitation of Ln2(C03)3 (Section 3.4.3) along the buffer zone from 

pH 6-8 (equation 3.7) 

LnC13 + 3NaHCO3 > %2Ln2(CO3)3(s) +3 /2HC03 2, + 3/2H+ + 3Na+ + 3C1' 
5cm3(0.2M) 30cm3(0.1M) (3.7) 

30cm3 of NaHCO3 are required for the complete reaction of the LnC13, the 

buffered pH of the solution is controlled by the remaining Wand HC03' ions in 

solution. Further addition of NaHCO3 after a 3: 1 HCO3 - to Ln3+ ratio has been 

obtained increases the pH of the solution without further reaction. 

3.4.3 Characterisation of Precipitate 

FTIR and XRD analysis indicates that a solid hydrated lanthanide carbonate was 

present from all the NaHC03 titrations. Differences between the precipitates were 

due to the crystalline water content of each sample. 

The FTIR spectrum (Figure 3.7, Table 3.4) indicates that a hydrated lanthanide 

carbonate is present for all the lanthanides examined. The V3 C032' doublet 

dominates the spectrum at approximately 1500 cm" and 1400cm'. The v1 stretch 

is weak, though the V2 and V4 CO32 stretches are easily determined. The broad 

peak from 3400 cm 1 to 3200 cm" indicates that the sample is hydrated and a OW 

group is not present. 
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Figure 3.7 FITR spectrum of Nd2(CO3)3xH2O 
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Table 3.4 FTIR peaks for hydrated Ln2(C03)3. xH2O 
Ce-ppt Nd2(CO3)3 Nd-ppt Sm-ppt Eu2(CO3)3 Eu-ppt 

vO-H 
S0-H 
vO-H2 3346 3420 3316 3404 3410 3396 

60-H2 1654 1632 1631 1627 

V1C032' 1077 1088 1083 1076 1089/1067 1093/1060 

V2CO32' 849 848 851 846 836/850 837/850 

V3C032' 1476/1368 1491/1377 1488/1387 1506/1398 1499/1406 1498/1396 

V4C03Z' 748/678 750/680 753/680 746/668 752/681 752/683 

'Runde et al (1992) 

The powder XRD spectra of Ce and Nd (Figure 3.8, Table 3.5) indicate that the 

lanthanite (Ln2(CO3)3.8H20) is the dominant equilibrium crystal phase found, 

though Ln2(C03)3.4H20 has a similar XRD pattern and frequently forms. Sm and 

Eu tend to lose more crystalline water and can form with any amount of 

crystalline water down to Ln2(C03)3.2.85H20 structure. The actual amount of 

crystalline water depends on the drying conditions of the sample and can vary 
from Ln2(C03)3.8H20 to completely dehydrated Ln2(C03)3. The Ln2(C03)3.8H20 

precipitates are more crystalline than the Ln(OH)3 precipitates, shown by the 
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intense diffraction patterns of the former, an increase from less than 500 counts 

per second for Ln(OH)3 and CeO2 precipitates compared with up to 18,000 counts 

per second for Ce2(C03)3.8H20. 

Table 3.5 XRD d-spacing for Ln2(C03)3.8H20; End precipitate from the 

NaHCO3 titrations 

Nd2(CO3)3 

. 
8H20 

Ce precipitate Nd precipitate Eu precipitate 

d(A) d(A) 20 d(A) 20 d(A) 20 

8.410 8.4345 10.48 8.3392 10.60 8.4025 10.52 
4.710 4.7552 18.65 4.7039 18.85 4.5741 19.39 
4.430 4.4669 19.86 4.4185 20.08 4.4393 19.99 
4.150 4.2319 20.98 4.2012 21.13 4.2240 21.015 
4.110 4.4160 21.42 4.1024 21.65 4.0298 22.040 
3.910 3.9510 22.49 3.9132 22.71 
3.840 3.8712 22.96 3.8431 23.13 3.3466 26.62 
3.230 3.2559 27.37 3.2230 27.66 
3.150 3.1647 28.18 3.1369 28.43 3.1027 28.75 
3.020 3.0406 29.35 3.0493 29.26 
2.979 3.0071 29.69 2.9845 29.92 2.9178 30.615 
2.909 2.9234 30.56 2.9044 30.76 
2.811 2.8243 31.65 2.8057 31.87 2.8252 31.65 
2.681 2.6912 33.27 2.6896 33.29 2.7561 32.46 
2.565 2.5827 34.71 2.5609 35.01 2.6013 34.45 
2.412 2.4314 36.94 2.4129 37.24 2.4044 37.37 
2.305 2.3193 31.80 2.3008 39.12 
2.266 2.2901 39.31 2.2677 39.72 
2.142 2.1595 41.80 2.1456 42.08 2.1256 42.495 
2.118 2.1199 42.62 2.1062 42.91 
2.082 2.1008 43.02 2.0808 43.46 
2.055 2.0690 43.72 2.0503 44.14 2.0255 44.71 
2.005 2.0400 43.37 2.0047 45.20 1.9975 45.37 
1.953 1.9678 46.09 1.9520 46.49 1.9264 47.14 
1.868 1.8833 48.29 1.8663 48.76 1.8872 48.18 
1.815 1.8266 49.89 1.8137 50.27 1.7953 50.82 

1Nd2(C03)3.8H20 JCPDS Powder Diffraction Files 29-918 
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Figure 3.8 XRD pattern of Nd2(CO; )3.8H, O 
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The actual amount of crystalline water can be determined from thermogravimetric 

analysis (Figure 3.9, Table 3.6). The thermal decomposition of Ln2(CO3)3. xH2O 

takes place in 4 stages and is calculated in Table 3.6 from the decomposition 

profile shown in Figure 3.9. The calculations are based upon the following 

decomposition stages to give a formula of Nd2(CO3)3.4H-, O 

1. loss of adsorbed water 60°C 

2. loss of crystalline water 120°C 

3. initial decomposition of CO., '- as C02(g) 400°C 

4. final decomposition of remaining C032 530°C 

and a formula of Nd2(CO3)3.4H2O with 0.8 adsorbed water molecules to the 

crystal structure can be calculated, even though the XRD indicates a formula 

with 8 crystalline water molecules. 
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Table 3.6 Thermal decomposition of Nd2(CO3)3.4H20 

Nd203 (RMM 

equivalent to 60.8% of the initial mass 

therefore initial formula mass 553.4gmo1'1 

1 loss of adsorbed water 60°C to 100°C 

100% -97.5% = 2.5% mass loss = 13.8g .. 0.8H20 

2 loss of crystalline water 100°C to 300°C 

97.5%-84.8% = 12.7% mass loss = 70.3g . ". 3.9H20 

Nd2(C03)3.4H20 °-H %Nd2(C03)3+4H20(g) 

3 initial decomposition of C032' 300°C to 450°C 

84.8%-68.1 %= 16.7% mass loss = 92.4g .. 2.1 C02(g) 

Nd2(CO3)3 °-H %Nd2O2CO3+2C02(g) 

4 final decomposition of C032" 450°C to 950°C 

68.1%-60.8% = 7.3% mass loss = 40.4g .. 0.9CO2(g) 

Nd2O2CO3 °-H 4Nd2O3 +CO2 (g) 
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3.5 Titrations of LnC13 with Na2CO3 

The effects of high pH cannot be examined with NaHCO3 titrations or compared 

directly with the higher pH of the NaOH titrations. Na2CO3 allows a direct 

comparison between the carbonate and hydroxide systems above pH 10. 

3.5.1 Experimental 

The titrations were carried out following the method outlined in Section 3.2, with 

Na2CO3 (O. 1M, 40cm3) as the titre solution. 

3.5.2 Results 

The effect of titrating lanthanide chloride solutions with a solution of Na2CO3 

follows the same initial rise then drop in pH as precipitation of Ln2(CO3)3 

(characterised in Section 3.5.3) proceeds and the system equilibrates as observed 

in the NaHCO3 system until l 1cm3 of titre has been added (Figure 3.11 ). The 

addition of further Na2CO3 gradually to 15 cm3 results in further reaction with the 

pH still buffered by the solution but there is a slight continuous rise in pH from 

pH 6.3 to 7.3. Between the addition of 15cm3 (pH 7.3) and 23cm3 (pH 9.3) of 

Na2CO3 there is an immediate rise then fall in pH with each addition. Further 

addition of titre solution after 23m1 results in a slight continuous increase in pH. 

The end point of the titration is marked by the sharp rise in pH found at a 3CO32" 

to 2Ln3+ ratio expected for the reaction (equation 3.8), when all available Ln3+ 

has reacted with the Na2CO3. 

2LnC13 + 3Na2CO3 Ln2(C03)3 + 6Na+ + 60' (3.8) 
5 cm3(0.2M) 15 cm3(0.1M) 

The end point is at a constant point for all replicate titrations and is comparable 
for each of the different lanthanide solutions studied. 
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Figure 3.10 Typical titration curve for 1mmo1NdC13 with 4mmols Na2CO3 
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The end-point of the titration, after 15 cm3 of Na2CO3 had been titrated is not the 

final reaction step even though the Nd, Sm and Eu precipitates do not visibly 

appear to alter further when excess titre solution was added. However, the end 

product of the Na2CO3 titrations with Nd, Sm and Eu was found to be the double 

salt NaLn(C03)2.6H20 (characterised in Section 3.5.3), formed from the further 

reaction of Na2C03 with the solid Ln2(C03)3 phase (equation 3.9). 

Ln2(C03)3 + Na2C03 2NaLn(CO3)2 (3.9) 
10cm3(0.1M) 

The Ce precipitate visibly alters after 15cm3 of Na2CO3 had been titrated. The 

white Ce2(C03)3 precipitate alters to yellow Ce02 above pH 9.5 (equation 3.10). 

pH>9.5 
2Ce2(CO3)3+2H20 --ý CeO2+2C023 

2 -+- H++2 H2 (3.10) 

3.5.3 Characterisation of Precipitate 

The initial and final precipitates were analysed by FTIR, XRD and acid 
dissolution of the precipitates then elemental analysis for Na and Ln3+ using the 

techniques described in Chapter 2. The initial precipitate formed below pH 8, 
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was identified as hydrated Ln2(C03)3, which originally precipitates as an 

amorphous phase, for all the lanthanides examined and have been characterised 
in Section 3.4.3. Ce2(C03)3 alters directly to CeO2 (characterised in Section3.3.3) 

without an intermediate NaCe(C03)2 phase or amorphous purple hydroxy phase 

as found during the hydroxide titrations. 

FTIR analysis of the final product indicates crystalline water and carbonate 

stretches are present for Nd, Sm and Eu (Figure 3.13 and Table 3.7). The FTIR 

spectra is indistinguishable from the initial Ln2(CO3)3 precipitate. However, 

elemental analysis (for Na+ and Ln3) indicates that there is a 1: 1 Na+: Ln3+ ratio in 

the final product and a 0: 1 Na+: Ln3+ ratio in the initial Ln2(C03)3 precipitate. 

Figure 3.11 FTTR spectrum of NaNd(CO3)2. xH2O 
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Table 3.7 FTIR stretches for hydrated NaLn(C03)2 

Nd Nd-ppt Sm-ppt Eu-ppt 
vO-H 

S0-H 

VO-H2 3380 3384 3356 

S0-H2 1684 1646 1676 

v, C032 1070 1072 1066 

V2CO32- 875/850 872/850 854 

V3 C O32 1530/1385 1477/ 13 74 1498/1384 1522/ 13 76 

v4C032 763/653 762/641 

'Mochizuki et al (1974) 

Table 3.8 XRD d-spacing for NaLn(C03)2.6H20; End precipitates from the 

Na2CO3 titrations 

NaNd(CO3)2. 
6H20 

Ce- 
precipitate 

Nd- 
precipitate 

Sm- 
precipitate 

Eu- precipitate 

d(A) d(A) 20 d(A) 20 d(A) 20 d(A) 20 
13.30 13.3448 7.16 13.3614 6.61 12.6812 6.97 12.0752 7.32 

6.610 6.3660 13.90 6.5974 13.41 6.4258 13.77 6.2650 14.13 

4.370 4.2834 20.72 4.3871 20.23 4.3009 20.64 4.2210 21.03 

3.280 3.2299 27.60 3.2836 27.14 3.2806 27.16 3.2466 27.45 

2.620 2.5914 34.59 2.6238 34.15 2.5889 34.62 2.5631 34.98 

2.180 2.1665 41.66 2.1848 41.29 2.1595 41.80 2.1371 42.26 

1.870 1.8203 50.07 1.8579 48.99 1.8510 49.19 1.8358 49.62 

Literature values JCPDS Powder Diffraction Files `30-1223 
NaCe(C03)2 precipitate formed from a 1M NaHCO3 solution (Chapter 4) 
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Figure 3.12 XRD pattern of NaNd(CO)z. 6H, O 
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The identification of a NaLn(C03)2.6H20 structure was confirmed by XRD 

analysis by comparison with the literature XRD pattern which has only 7 distinct 

crystal planes (Table3.8) from Mochizuki et al., (1974). Nd, Sm and Eu have 

identical XRD patterns which are offset to a slightly higher value of 20, as the 

ionic radii decreases across the lanthanide series. The precipitates form as very 

crystalline specular Nd or fibrous Eu crystals and are characterised from their 

strong diffraction pattern (up to 22,000 counts per second) 

The actual water content of the hydrated NaLn(CO. 3)2 structure can be determined 

by thermal gravimetric analysis. The thermal decomposition can be calculated 

from Figure 3.13 (showing the decomposition of NaNd(C03)2. xH2O ), assuming 

that the sample is completely dehydrated to NaNd(C03)2 with no breakdown of 

the carbonate to the oxy-carbonate at 550°C (Table 3.10). All mass loss below 

550°C is assumed to be due to the loss of H2O. 

The thermal decomposition (Table 3.10) indicates there are actually seven 

crystalline water molecules that decompose in two equal stages after the initial 

loss of surface adsorbed water. The water loss occurs as three sharp bands in of 
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mass loss at 60°C, 150°C-200°C and 450°C shown from the derivative of mass 

loss curve. The decomposition of carbonate to the oxy-carbonate occurs as a 

sharper drop in mass than Mochizuki et al., (1974) but only half a CO32" 

molecule decomposes to C02(g). There was no further decomposition up to 

850°C. If the initial CO32' decomposition occurs with dehydration then the extra 

water molecule may account for the drop in C03 2' decomposition. The technique 

only determines the mass loss with temperature and further analysis of the 

evolved species would be required to determine the actual amount of C032" 

decomposition. 

The decomposition stages cannot be followed by XRD analysis as there are as yet 

no intermediate NaLnO(CO3) reference patterns, and phases may be amorphous 

therefore undetectable with XRD analysis. 

The hydrated NaNd(C03)2 decomposition differs from the hydrated Nd2(CO3)3 

(Section 3.4.3) in that the sodium double carbonate is thermally stable at higher 

temperatures, decomposition of Nd2(CO3)3 to Nd203 is complete by 600°C. 

Mochizuki et al., (1974) give a3 stage decomposition (Table 3.10) from 

NaNd(C03)2.6H20 to NaNdOCO3 from 50°C to 650°C. The oxy carbonate is 

thermally stable until 700°C and no further'decomposition was determined. 
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Table 3.9 Thermal decomposition of hydrated NaNd(C03)2 from Figure 3.13 

Start 100% mass NaNd(C03)2.6H20 (from XRD analysis) 

assume mass loss to 550°C from dehydration alone. 

NaNd(C03) RMM 284gmo1'1 = 60.2% of initial mass 

100% mass = 477.1 gmol-1 

1 mass loss from 0-80°C adsorbed water 

100%-86.4% = 13.6% = 64.9g .. 3.6H20 lost 

2 loss of initial crystalline water from 80°C to 330°C 

86.4%-73.3% = 13.1% = 62.5g . '. 3.5 H2O lost 

3 loss of final crystalline water from 330°C to 550°C 

73.3%-60.2% = 13.1% = 62.5g .. 3.51120 lost 

4 initial decomposition of C032" from 550°C to 730°C 

60.2% -55.3%= 4.9% = 23.4g .. 0.5CO2 lost 

The decomposition reactions can be written as 

1 loss of adsorbed water °H) NaNd(C03)2.7H20 

2 NaNd(C03)2.7H20 AH 4 NaNd(C03)2.3.5H20 +3.5H20 

3 NaNd(C03)2.3.5H20AH , NaNd(C03)2 +3.5H20 

4 NaNd(C03)2-AH )NaNdOo. 5(CO3)i. 5 + 0.5CO2(g) 

Table3.10 Thermal decomposition of NaNd(C03)2.6H20 after Mochizuki et al., 
(1974) 

NaNd(C03)2.6H20 > NaNd(C03)2.3H20 + 3H20 120-200°C 

NaNd(C03)3.3H203 NaNd(C03)2 + 3H20 370-450°C 

NaNd(C03)2 NaNdOCO2 + CO2 650°C 

118 



M 
O 

U 
V 

z 
z 
b 1) 

C 

0 
N 
0 

c U 

M 

fei 

7 
CD 

.r 

/r 
1 

/ý, 
--_ 

1 
r 
I 

1 
I' 

"ýL 

i0 

l' 

r- 

io 

ISO 

L° 
tc) 

J 

w 

4-1 Z; f0 rp C- 
N 

E 

1- 

1ý 

i 

ýý 

I6 

ýo 
0 

Iw 

I4 

m )2 2 LO 

(Xi 1H9I3M 

119 



3.6 Titrations with K2C03 

The formation of, NaLn(C03)2.6H20, found in the Na2CO3 titrations indicates 

that the Na+ ion activity effects the system at high pH. Therefore to examine the 

effects of C032- and OH' at high pH without the effects of Na+, the Na2CO3 titre 

solution was replaced with K2C03. This should also demonstrate if a comparable 

potassium lanthanide carbonate is formed, although no previous reports have 

indicated conditions for its formation. 

3.6.1 Experimental 

Titrations were carried out following the method outlined in section 3.2, with 
K2C03 (O. 1M, 40cm3) as the titre solution. 

3.6.2 Results 

Figure 3.14 Typical titration curve for Immol NdCl3with 4mmols K2CO3 
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The titration follows the initial pattern seen with NaHC03 titration. There is an 
initial rapid pH increase for 0.1-0.2cm3 K2C03 to pH 7.0 followed by a slight 
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decrease in pH with precipitation as the titration progresses (Figure 3.16). During 

the slow addition of K2CO3 between 0.5cm3 to 19cm3 the pH is stable (a slight 

decrease is apparent) and a precipitate is gradually formed. The pH increases 

sharply from pH 6.5 to 9.2 at 20 cm3 of K2CO3. This is the 2: 1 CO32"/Ln3+ ratio. 

The pH then rises slowly with each successive addition of K2C03. The colours of 

the precipitates initially mirror the NaHCO3 system, but the Ce ion slowly alters 

to yellow above pH 9, indicating CeO2 has formed. 

The K2CO3 titrations follow a similar pattern to the Na2CO3 titrations of 
immediate precipitation of a hydrated Ln2(CO3)3, followed by the alteration of 
the precipitate to LnCO3OH or CeO2 at high pH. 

The precipitation of Ln2(CO3)3 (equation 3.11) occurs when the solution pH was 

buffered at pH 6, for the first 15 cm3 of K2C03 titre added. 

LnC13 + 3/2K2C03 ) '/Ln2(C03)3(s) + 3K+ + 3C1 " (3.11) 
5cm3(0.2M) 15cm3(0.1 M) 

The pH of the solution does not rise rapidly when all the lanthanide ions have 

precipitated as for the Na2CO3 titrations even though precipitation cannot buffer 

the solution pH further. The further addition of 5cm3 K2CO3 to the solution did 

not increase the pH of the solution, there must then be a further reaction in 

solution or with the solid phase from 15cm3 to 20cm3 of titre. 

A two stage reaction is possible initially producing OH' ions (equation 3.12) 

which then react with the Ln2(C03)3 precipitate (equation 3.13) and prevents the 

pH increasing from pH 6 after 15cm3 to 20cm3 of titre. 

'/2K2CO3(aq) + H2O -' KK + H2C03 + OH' (3.12) 
5cm3(0.1 M) 

%2Ln2(CO3)3(s) + OH') LnCO3OH(s) + %C032' (3.13) 

The oxidation of Ce(hIý) to Ce(Iv) follows the hydrolysis reaction and the precipitate 

alters to Ce02 (equation 3.14) 

Ce2(C03)3(s)+40H- p'9-12Ce02(s)+3C03-+2H++H2 (3.14) 
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Ce follows the same titration pattern as Nd and Eu K2CO3 titrations, though the 

phase change to yellow CeO2 is not immediate and slowly occurs above pH 9 as 

a CeCO3OH reaction intermediate may form before the oxidation reaction but was 

not isolated. 

3.6.3 Characterisation of Precipitate 

The initial precipitates formed in the Ln3+-K2CO3 titrations were all identified as 

hydrated Ln2(CO3)3, however at high pH the precipitates had altered to CeO2 

(Figure 3.3)or NdCO3OH and EuCO3OH (Figures 3.15 and 3.16, Tables 3.11 and 

3.12). 

The precipitates formed at high pH can be identified as the hydroxy carbonates 

from their FTIR spectra. The hydroxide group has a sharp but tapering OH' 

stretch instead of a broad water OH2 stretch at about 3400cm". This also 

indicates there are no crystalline water molecules in the hydroxycarbonate 

structure. The carbonate group has a strong infra red absorption doublet at 

approximately 1500cm'1 (Table 3.11). 
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Figure 3.15 FTIR spectra of LnCO3OH: End product of the K2CO; OH titrations 
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Table 3.11 FTIR stretches for LnCO3OH 

iH 
H 

Nd Nd-ppt Eu Eu-ppt 

vO-H 3450 3441 3479 3453 

80-H 

vO-H2 

SO-H2 

výC032 1080 1080 1089 1087 

v2C032- 857/815 857 857/821 858/821 

v3C032- 1498/1434 1497.3/1429 1510/1433 1509/1438 

v4CO3 2- 725/699 725/699 723/702 724/702 

'Runde et a!., (1992) 
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The identification of the lanthanide hydroxy carbonate was confirmed from 

powder XRD analysis and comparison of the diffraction pattern with the JCPDS 

powder files 27-1295 and 27-1296 (Table 3.12). The results are in good 

agreement with the Runde et al., (1992) preparation of LnCO1OH (Ln = Nd or 
Eu). The Nd, Sm and Eu LnCO3OH XRD patterns (Figure 3.16) can be 

superimposed upon each other with a slight peak shift to a higher 20 with 
decreasing ionic radii (i. e. from Nd to Eu). The generally small peak heights of 
less than 700 counts per second reflect the almost amorphous nature of the 

LnCO3OH precipitates compared with the Ln2(CO3)3 and NaLn(C03)2 

precipitates (with peak heights generally above 5000 counts per second). 

Figure 3.16 XRD pattern of LnCO3OH 
Characterised from JCPDS reference pattern 27-1296 (NdCO1OH) 
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Table 3.12 XRD d-spacing for LnCO3OH; End precipitate from the K2CO3 

titrations 

NdCO3OH Nd- precipitate Eu- precipitate NdCO3OH Nd- precipitate Eu- precipitate 

dO d( A) 2e d( A) 20 d(A) d( A) 20 d( A) 20 
5.500 5.4854 16.15 . 3975 16.41 1.691 
4.280 1.688 
4.240 . 2580 0.85 1.660 1.6596 55.31 
3.680 . 6688 4.24 1.620 1.6226 56.69 
3.650 3.6338 4.48 1.603 1.6020 57.48 1.5896 7.97 
3.320 3.3142 6.88 3.1642 8.18 1.599 
2.940 . 9248 0.54 3.0240 9.52 1.580 
2.910 1.570 1.5715 58.71 
2.748 . 7425 2.63 . 7254 2.84 1.535 1.5345 0.27 
2.630 . 6145 4.270 1.515 
2.475 . 4692 6.355 1.502 1.5052 1.56 
2.400 . 3949 7.53 1.500 
2.323 1.472 1.4742 3.01 1.4568 3.85 
2.310 . 3162 8.85 . 1881 1.23 1.458 

2.138 . 1359 2.28 1.438 1.4394 . 71 
2.122 . 1123 2.78 1.415 1.3994 6.80 1.4106 6.20 
2.097 1.368 1.3723 8.30 
2.050 . 0439 . 28 1.305 1.3023 72.53 1.2957 2.96 
2.030 1.282 

1.984 1.9859 5.65 1.272 1.271 74.54 
1.925 1.9258 7.16 1.245 1.2440 76.52 
1.880 1.8779 8.44 1.240 
1.830 1.8335 9.69 1.228 1.2261 77.84 
1.805 1.7993 0.70 1.8043 0.55 1.205 
1.715 1.7133 3 3.44 1.7323 57 . 81 1.197 

Literature values JCPL)S rowder uittraction riles -zi-izvo 
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The thermal decomposition of the lanthanide hydroxycarbonate is shown for 

NdC030H in Table 3.13 and derived from Figure 3.17. The thermal 

decomposition indicates that there is a small amount of adsorbed water on the 

surface of the sample, which is lost below 100°C and crystalline water is not 

present. There is also an approximate C032"/OH' ratio of 1.15 to 1, rather than 

the 1 to 1 ratio expected from the formula, NdCO3OH, confirming that 

Ln2(CO3)3. xH2O is not present. This interpretation is subjective as the actual 

evolved gas (H20 or C02) and there proportions when mixed are assumed from 

the calculation and not actually confirmed analytically. 

Table 3.13 Thermal decomposition of NdCO3OH 

Final product Nd203 (RMM 336.48g) identil 

Final product 71.7% of initial mass 

Initial formula mass 469.3gmol' 

1 Loss of adsorbed water below 120°C 

100% -97% = 3% ° 14g . '. 0.8H20 

2 Decomposition of initial decomposition of carbonate and hydroxide 420°C 

97%-81.3% = 15.7% = 73.7g :. H20(g) + 1.3CO2(g) 

Reaction 

2NdCO3OH AH Y» Nd2O2CO3 +H2O(g)+C02(g) 

3 Final decomposition of any remaining carbonate 500°C to 620°C 

81.3% -71.7% = 9.7% = 45.5g .. C02(g) 

Reaction 

Nd2O2CO3 AH Nd203 +C02(g) 
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3.7 Titrations with NaHCO3 and KOH 

A titre solution with a formula of NaKCO3 i. e. an intermediate between K2C03 

and Na2CO3 can be prepared by mixing equal concentrations of NaHCO3 and 
KOH. 

3.7.1 Experimental 

The titrations were carried out following the method outlined in section 3.2, with 

KOH/NaHCO3 (0.1M, 40cm3) as the titre solution prepared by dissolving KOH 

(2.8055g) and NaHCO3 (4.2005g)in degassed distilled water (500cm3). 

3.7.2 Results 

The mixed Na/K titration follows the initial pattern of the previous carbonate 

titrations (Figure 3.18) with an initial rise in pH then buffering of the pH by 

precipitation. The end point almost mirrors the Na2CO3 system and is 

intermediate between that of the Na2CO3 and K2C03 titrations at 16cm3-17cm3 of 

titre solution reflecting the formation of NaLn(C03)2 from the solution. 

The Ln2(C03)3 phase precipitates almost immediately as in all previous carbonate 

titrations, which then alters to the sodium double carbonate by the end of the 

titration. 
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Figure 3.18 Typical titration curves for NdCl3 with 4CO32- 
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The precipitation of Ln2(CO3)3 and alteration to NaLn(C03)2 follows a two stage 

reaction. Initially there is the precipitation of Ln-, (C03)3 (equation 3.15) at a 3: 2 

C032- to Ln3+ ratio 

LnCl3 + 3/2NaKCO3 ) '/2Ln2(C03)3 + 3/2Na+ + 3/-, K+ + 3C1 (3.15) 

5cm3(0.2M) 15cm3(O. I M) 

The second stage reaction requires more titre solution than the Na2CO3 titrations 

to inhibit the hydrolysis reaction that forms the hydroxy carbonate due to the 

lower Na+ activity of the NaKCO3 solution. 

'/2Ln2(CO3)3 + NaKCO3 > NaLn(C03)2 + K+ +'/2C03`- (3.16) 

There may be some formation of a hydroxy phase as in the K, CO3 titrations 

(equations3.12 and 3.13) before the Na+ and C03`- activities increase enough to 

form the NaLn(C03)2 double carbonate. 
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3.8 Titration Discussion 

The titration of a lanthanide element with various titre solutions (Figure 3.19) 

have shown that there are four separate titration curves resulting in four 

equilibrium phases which form in the Ln3+-CO32--OH'-Na+-K+ system (Table 

3.13) for the lanthanides Nd, Sm and Eu. The phases formed are dependant on 

pH, carbonate and sodium activities up to 40mM and 80mM respectively. 

Figure 3.19 Comparison of typical titration curves for 

Immol Ln"with 4mmols of titre solution 
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Table 3.13 Titration Summary 

Titre solution 
NaHCO3 
Na, C03 
K, CO, 
NaOH 

Titre solution End point First ppt Final ppt Final pH 

(TIC or OH-) /Ln pH5-7.5 Ln = Nd/Sm/Eu 

Na2CO3 1.5 Ln2(CO3)3 NaLn(CO3)2 CeO2 10 

K2CO3 2 Ln2(CO3)3 LnCO3OH CeO2 10 

NaHCO3 3 Ln2(CO1)3 Ln2(CO3)3 Ce2(CO3)3 8.5 

NaOH 2.7 None Ln(OH)3 CeO2 12 

The lanthanide carbonate, Nd2(CO3)3, forms at low pH (below pH6.5), which 

then alters to the hydroxycarbonate at higher pH or a sodium double carbonate if 
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there is sufficient Na' in solution. The hydroxide forms at high pH (above pH 
8.5) solutions with a low carbonate activity. 

There are only two phases in the redox sensitive Ce-C03 2'-OH'-Na+ system. 
Above pH 9 Ce3+ oxidises to Ce4+with the formation of CeO2 instead of any Ce3{' 

hydroxy phases. Cerium follows the group trends found from the other 
lanthanides examined with the initial precipitation of a Ce2(CO3)3 phase in 

carbonate solutions or an aqueous buffering reaction during the Ce-NaOH 

titrations. Intermediate hydroxy phases may form before the redox reaction but 

these could not be identified. The end point of the Ce titration curves match those 

found from the other lanthanides examined. 

Precipitation in the carbonate free system occurs at the end of the buffer zone 

when an excess of hydroxide ions have been added to the lanthanide solution. pH 

buffering therefore must occur by the formation of aqueous complexes and the 

end of the buffer zone is marked by all the Ln3+ forming Ln(OH)3 (aq). The 

addition of more OH- will therefore increase the pH after all the Ln3+ has reacted, 

above pH 8. 

The initial carbonate precipitate in all titrations, is Ln2(CO3)3 and not the 

expected LnCO3OH phase, which would require a lower C03 2- activity to form. 

However, the first precipitate forms below pH 7 where the OH' activity is too 

low to form a hydroxy carbonate precipitate at these carbonate activities. The 

initial rise in pH from the first titre additions increase the aqueous C032" activity 

to that required for Ln2(CO3)3 precipitation. The hydroxy carbonate then forms 

after the increase in hydroxide activity by the end of the titration. 

Ciavetta et al., (1981) suggested that less than 1% of the Ln3+ ion can be 

transformed into aqueous carbonate complexes without the formation of solid 

carbonates, and confirmed by the almost immediate precipitation of an initially 

amorphous Ln2(C03)3. xH20 when only trace amounts of C032' have been added 

to a lanthanide solution, reflecting a lower carbonate solubility at intermediate 

pH of pH 5.5-8 solutions than the hydroxide which forms as stable relatively 

soluble aqueous complexes below pH 8. 
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LnCO3OH is the expected equilibrium phase at high pH in carbonate containing 

solutions from the alteration of Ln2(CO3)3 (equation 3.17) due to the increase in 

OH' activity with pH. If C032" is in excess of Off in solution, LnCO3OH would 

revert to Ln2(C03)3. 

Ln2(CO3)3 + 20H- _> 2LnCO3OH +C03 2- (3.17) 

The presence of Na+ in solution inhibits this reaction from the formation of 

NaLn(C03)2 (equation 3.18) 

Ln2(C03)3 + Na2CO3 2NaLn(CO3)2 (3.18) 

Na' can be relativity easily incorporated to form the double carbonate as the Na+ 

and Ln3+ ions are of a similar ionic radii (Table 3.14). K+ ions do not inhibit the 

hydrolysis reaction (equation 3.17) as the K+ ion is much larger and probably 
incompatible within the double carbonate structure at these relatively low 

potassium activities in the titrations. 

Table 3.14 Ionic radii of selected ions 

Am Ce Nd Sm Eu Na K Ca 

pm 97.5 102 98.3 95.8 94.7 102 138 100 

The Ln2(C03)3 phase requires a lower carbonate activity to form than the double 

carbonate, NaLn(C03)2, (Table 3.15) and is consequently the first precipitate at 

low hydroxide activities. NaLn(C03)2 only forms when there is an excess of 

carbonate ions in a Na+ solution. 

Table 3.15 Comparison of component ion ratios of the titration precipitates 
C03 2-/]Ln3, l, Na /Ln Off/Ln 

LnC030H 1 0 1 

Ln2(C03)3 1.5 0 0 

NaLn(C03)2 2 1 0 
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Acid spiked titrations can be superimposed on the acid-free NaHCO3 titrations 

from the initial precipitation along the buffer zone and the pH rise at the end of 

the titration. They indicate that any carbonate addition from pH 2-5 neutralises 

the acid and increases the solution pH without reacting with the aqueous 

lanthanide ions. Ln3+-CO32" aqueous complexes will only form at an intermediate 

pH above pH 5 if sufficient carbonate is present. 

There was no reaction with the chloride in solution and the chloro-carbonate 

phase did not form as the chloro analogue to the LnCO3F mineral, bastnaesite. 

CaCO3 titrations were not performed as the 0.1M titre solutions were above the 

CaCO3 solubility limit. 

The colour change and a slight shift in the XRD pattern to a smaller d-spacing 

between crystal panes with a decrease in the size of the lanthanide ion (i. e. from 

Nd to Sm , Table 3.16) were the only difference between the properties of the 

Ln3+ elements examined. As the lanthanides Nd, Sm and Eu had identical 

chemical properties, Am 3+ could reasonably be expected to behave in a similar 

manner and follow any lanthanide group trends. The lanthanides may then not 

only predict the solubility limiting phase under specific aqueous conditions but 

also infer the actual Am 3+ solubility. 
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Chapter 4 

The Solubility of REE in 

Carbonate Solutions 
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4.1 Introduction 

The REE or lanthanides are being modelled to test the assumption that they can 

be used as experimental analogues for the dominant actinides (americium and 

curium) in the M3+ oxidation state. The lanthanides can also be fission products 

from the decay process and therefore there is a need to determine their solubility 

limits within nuclear waste repositories to predict the maximum possible 

dissolution and dispersion rates. Solubility data can also be used to determine the 

actual conditions required to immobilise each target element in the solid phase. 

If the REE are mobilised, their transport rate will be determined from equilibrium 

conditions with secondary minerals (determined in Chapter 3) formed by 

precipitation in equilibrium with the relevant solution conditions. The solution 

composition will change dramatically from the near-field source region (the 

actual repository) where the composition will be determined by carbonate 

minerals at a high pH in a concrete matrix. Dilution and dispersion away from 

the near-field environment will limit the effects of this matrix to buffer the 

solution pH and control composition. The solution composition will therefore 

vary from high pH, and possible high carbonate activity to a lower pH with a 

limited carbonate activity; other ions such as Cat+, Na+ and K+ may also be 

present in significant quantities. 

Determining the solubility products of the carbonate and hydroxy phases (formed 

in Chapter 3) can be compared directly with the equivalent actinide data to justify 

the analogue assumption. If Am does react in a similar manner to the lanthanides 

it's properties should be based on the way Nd reacts, and its thermodynamic data, 

any variation will be between the limits of the properties of model Nd and Eu, 

which are lanthanide elements with larger and smaller ionic radii to Am 

respectively. The solubility, products can then be used to predict the solubility of 

each target element under precise conditions. 

The Gibbs free energy of formation (AG? ) for any phase can be calculated from 

the solubility product, which in turn can be used to calculate the exact 
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relationship between two phases and a precise phase boundary, dependant on the 

solution parameters, For example: from the reaction of Nd2(CO3)3 and water, 
(equation 4.1) 

Nd2(CO3)3 + H2O = 2NdCO3OH + 2H+ + C03 2- (4.1) 

an increase in the solution pH will favour the formation of the hydroxycarbonate, 

whilst an increased carbonate activity will favour the carbonate phase, (Le 

Chatelier's principle). 

The prediction of the phase relationships between each solid phase will also allow 

the solubility limit of each target element to be calculated for each solid phase 

under all relevant conditions. 

4.2 Experimental 

The preparation of each solid phase was based on the conditions determined from 

the titration experiments (Chapter 3). NaC1O4 buffers were not used to maintain a 

constant ionic strength as Na+ ions are a phase controlling species A standard 

amount of each lanthanide chloride solution (10mmols) was used to prepare each 

solid phase to ensure a large enough precipitate for full analysis. Only solutions 

in equilibrium with pure solid phases were used in solubility calculations 

4.2.1 Preparation of Ln2(CO3)3 

A solution of LnC13 (0.5M, 2cm3) where Ln = Ce, Nd or Eu was mixed with 

NaHCO3 (0.1M, 40cm3) and then diluted to 100cm3 with degassed distilled water 

in a 125cm3 HDPE Nalgene bottle. The reaction mixture was kept under N2 in a 

waterbath at 25°C for at least 2 months to ensure complete reaction and 

equilibration. The pH of the solution was measured immediately prior to being 

filtered and analysed by FTIR and XRD spectroscopy. The filtrate was analysed 
for total lanthanide content by FIA-UV with arsenazo(III) and Ce3+ by 
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spectrofluorimetry. All other components were calculated from a knowledge of 

the starting materials and the amount removed by precipitation of the pure phase. 

4.2.2 Dissolution of Ln2(CO3)3 

A sample of crystalline Ln2(CO3)3 (-0.3g), where Ln = Ce, Nd or Eu, was placed 

in a 125cm3 HDPE Nalgene bottle which was then filled with HC1O4 (0.1M), to 

exclude all atmospheric C02(g) from the bottle. The solution and solid phase . 
were allowed to equilibrate for at least 2 months in a thermostated waterbath at 

25°C. The pH of the solution was measured and then filtered through a Whatman 

N°4 sintered glass crucible. 

The precipitate was analysed by FTIR and XRD spectroscopy to determine any 

changes in the solid phase from the start of the dissolution. The filtrate was 

analysed for total lanthanide content by FIA-UV. All other components were 

calculated from a knowledge of the starting materials and the amount removed by 

precipitation of the pure phase. 

4.2.3 Preparation of LnCO3OH 

Two methods were used to prepare LnCO3OH: The first followed the 

components in the K2C03 titrations (Chapter 3) and the second method contained 

Na' as NaOH and Na2CO3 but restricted C032" to determine if a hydroxy- 

carbonate phase could form from a low carbonate high pH solution. 

A solution of LnC13 (0.5M, 2cm3) where Ln = Ce, Nd or Eu was mixed with 

K2C03 (0.1M, 40cm) then diluted to 100cm3 with degassed distilled water in a 

125cm3 HDPE Nalgene bottle. A second set of solutions were prepared by mixing 

LnCl3 (0.5M, 2cm) where Ln = Ce, Nd or Eu, with Na2CO3 (0.1M, 10cm3) and 

NaOH (0.1M, 10cm3). The mixed solution was diluted to 100cm3 in 125cm3 

Nalgene bottles . 
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The reaction mixtures were kept under N2 in a waterbath at 25°C for at least 2 

months to ensure complete reaction and equilibration. The pH of the solution was 

measured immediately prior to filtering and the precipitate analysed by FTIR and 
XRD spectroscopy. The filtrate was analysed for total lanthanide content by FIA- 

UV with arsenazo(III) and Ce3+ by spectrofluorimetry. All other components 

were calculated from a knowledge of the starting materials and the amount 

removed by precipitation of the pure phase. 

4.2.4 Preparation of Ln(OH)3 and CeO2 

A solution of LnC13 (0.5M, 2cm3) where Ln = Ce, Nd or Eu was mixed with 

NaOH (0.1 M, 40cm3) then diluted to 100cm3 with degassed distilled water in 

individual 125cm3 HDPE Nalgene bottles. The reaction mixture was kept under 

N2 in a waterbath at 25°C for at least 2 months to ensure complete reaction and 

equilibration. The pH of the solution was measured immediately prior to filtering 

and the precipitate analysed by FTIR and XRD spectroscopy. The filtrate was 

analysed for total aqueous lanthanide content by FIA-UV with arsenazo(III) and 

Ce3' by spectrofluorimetry. All other components were calculated from a 

knowledge of the starting materials and the amount removed by precipitation of 

the pure phase. 

4.2.5 Precipitation of NaLn(CO3)2.6H20 

A solution of LnC13 (0.5M, 2cm3) where Ln = Nd or Eu was mixed with Na2CO3 

(0.1M, 40cm3) then diluted to 100cm3 with degassed distilled water in a 125cm3 

HDPE Nalgene bottles. The reaction mixture was kept under N2 in a waterbath at 

25°C for at least 2 months to ensure complete reaction and equilibration. The pH 

of the solution was measured immediately prior to being filtered and the 

precipitate analysed by FTIR and XRD spectroscopy. FTIR and XRD analysis 

was performed on a partially dry sample, as complete drying causes the phase to 

decompose (described fully in Chapter 5). The filtrate was analysed for the total 

lanthanide content by FIA-UV with arsenazo(III). All other components were 
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calculated from a knowledge of the starting materials and the amount removed by 

precipitation of the pure phase. The solid phase (--0.02g) was dissolved in HNO3 

(0.4M, 100ml) then analysed for Na+ and K+ by flame photometry and FIA-UV 

for Ln3+. 

4.2.6 Preparation of NaCe(C03)2.6H20 

A solution of CeCl3 (0.5M, 2cm3) was mixed with either NaHCO3 (1M, 98cm) 

solution or a mixed NaHCO3/NaC1(i M HC03 ,1M Cl". 98cm3), in 125cm3 

HDPE Nalgene bottles. The reaction mixture was kept under N2 in a waterbath at 

25°C for at least 2 months to ensure complete reaction and equilibration. The pH 

of the solution was measured immediately prior to being filtered and then the 

precipitate analysed by FTIR and XRD spectroscopy. The filtrate was analysed 

for total lanthanide content by FIA-UV with arsenazo(III) and Ce3+ by 

spectrofluorimetry. All other components were calculated from a knowledge of 

the starting materials and the amount removed by precipitation of the pure phase. 

4.2.7 Preparation of KNd(CO3)2 

A solution of NdCl3 (0.2M, 5cm3) was mixed with K2CO3 (O-IM, 195cm. 3) in 

250cm3 HDPE Nalgene bottles. The reaction mixture was kept under N2 in a 

waterbath at 25°C for at least 2 months to ensure complete reaction and 

equilibration. The pH of the solution was measured immediately prior to being 

filtered then analysed by FTIR and XRD spectroscopy. The filtrate was analysed 

for total Nd content by FIA-UV with arsenazo(III). All other components were 

calculated from a knowledge of the starting materials and the amount removed by 

precipitation of the pure phase. The solid phase (-. 0.02g) was dissolved in HNO3 

(0.4M, 100ml) then analysed for Na+ and KK by flame photometry and FIA-UV 

3 for Ln+ 

A pure phase of KLn(C03)2 was only isolated for Nd, a mixed phase of 
KEu(CO3)2 and EuCO3OH could only be made under all the conditions studied. 
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KNd(C03)2 was characterised from an XRD pattern almost identical to 

NaNd(C03)2 (Section 3.5.3, Fig 3.12) with only a slight shift in the diffraction 

peaks and a 1: 1 K+/Nd3+ ratio from elemental analysis. 

Figure 4.1 XRD pattern of hydrated KNd(CO; )2 
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4.3 Determination of solubility products 

4.3.1 Calculation of aqueous composition 

The solubility product of the various lanthanide carbonate compounds synthesised 

are determined from the solution composition of the solution in contact with the 

solid phases at equilibrium. The ion concentrations were determined by analysis 

of the total lanthanide concentration by FIA-UV analysis and the other solution 

components were calculated from a knowledge of their concentrations in the 

starting solution and the composition the solid phase. 

i. e. for NaNd(CO3)2, which forms from the reaction (equation 4.2) 

NdC13(aq) + Na2CO3(aq) > NaNd(CO3)2(s) + 3Na+(aq) + Cl-(aq) (4.2) 
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Cl' remains in solution and not directly involved in the reaction (equation 4.2) and 
is therefore assumed unchanged from the starting solution. 

The total inorganic carbonate (TIC) is removed in a ratio of 2TIC: Nd, and Na` 

removed in equal amounts to the Nd. The amount of Nd removed from solution 

was calculated from the difference between the initial concentration and the final 

concentration determined from FIA-UV analysis after the solid phase was filtered 

off. The aqueous equilibrium (eqm) concentrations of TIC and Na+ can therefore 

be calculated from equations 4.3 and 4.4 respectively 

[TIC]eqm = [TIC]st., - 2([Nd]stn - [Nd]egm) (4.3) 
[Na+]eqm = [Na+]start - ([Nd]start - [Nd]egm) (4.4) 

4.3.2 Solubility products (Ksp) 

The solubility product (Ksp) is the reaction constant for the dissociation reaction 

of a solid phase into its component ions in aqueous solution. The solubility 

product is the sum of the stoichiometric activities of the component ions in the 

solution that is in equilibrium with a solid phase. i. e. when Nd2(C03)3 dissolves 

into an aqueous solution the reaction can be written as equation 4.5. 

Nd2(C03)3(s) ) 2Nd3+(aq) + 3C032"(aq) (4.5) 

The reaction constant (Ksp) for the above reaction can be expressed as equation 

4.6, if the solution is in equilibrium with the solid phase 

a2 a3 Nd3*' C02- 
Ksp = aNd2(CO3)3 

(4.6) 

where a is the activity in solution 
and a=1 for a pure solid and H2O 

When hydroxide species are involved in solubility reactions i. e. the dissolution of 

Nd(OH)3 can be expressed in two ways, the dissociation into the component ions 

(equation 4.7) and the solubility product (equation 4.8), 

Nd(OH)3) Nd3+ + 30H- (4.7) 
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aNd3+. a3 _ Ksp = °H =a Nd 3+ .a3 (4.8) 
a Nd(OH)3 

OH- 

or as the hydrolysis reaction with H+ and H2O (equation 4.9), and the reaction 

constant, K, (equation 4.10) 

Nd(OH)3 + 3H+-> Nd3+ + 3H20 

aNd3+. a3 

= 
aNd3+ 

a Nd 3+ a K= . Fý+ 
a Nd(OH)3 a3 H+ a3 H+ 

When the reaction constant (equation 4.10) is expressed as a log function 

(equation 4.11) the reaction is described in terms of pH 

logK = log(aNd3+ )"31og(aH+) = 1og(aNd3+)+3pH 

(4.9) 

(4.10) 

(4.11) 

A complete set of dissociation reactions for all the solid phases investigated is 

given in Table 4.1. (equations 4.12 to 4.32) 

The precipitation of CeO2 is a redox sensitive reaction (equation 4.30) with the 

transfer of an electron in the solution reaction, the pe ("log a[e ]) of the solution 

can be calculated from the Eh of the solution from the equation (4.33) to allow the 

reaction constant of CeO2 solubility to be expressed without the inclusion of other 

reduced species. 

Eh = 
2'3 RT 

pe :. pe =16.9Eh (4.33) 

Where R= gas constant (8.314JK''mol''), T= thermodynamic temperature(K) 

and F= Faraday constant (96.48KJN), Eh = redox potential (Volts) (Parkhurst, 

1995) 
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Table 4.1 Dissociation reactions for solubility determinations 

NaLn(C03)2 ) Ln3+ + Na + 2C03 " (4.12) 

Ksp = aNa+. aLn3+. aCo3. (4.13) 

1ogKsp =1og(aNa+) + log(aLn3+) + 2log(aCO3-) (4.14) 

Ln2(C03)3 2Ln3+ + 3C032" (4.15) 

Ksp = aLn3+ "aC02. (4.16) 
3 

logKsp = 21og(aLm3+) + 31og(aCO3-) (4.17) 

LnC030H ) Ln3+ + C032" + OH' (4.18) 

Ksp = aLn3+ . aC02 aOH_ (4.19) 

logKsp =1og(aLn 3+ )+ log(aCO2- )+ log(a0H. ) (4.20) 

LnC030H + H+ -ý Ln3+ + C032" + H2O (4.21) 

a ,.. a a Ln H=O ppa 
K==a,.. a ,.. a4 . (4.22) 

a La Co ,H H 

,, )+ log(a 
.)+ pH log K =log( a (4.23) 

Co La s 
Ln(OH)3 Ln3+ + 30H' (4.24) 

Ksp = aLn3+ aoH. (4.25) 

logKsp =1og(aL. 3+ )+ 3log(aOH. ) (4.26) 

Ln(OH)3 + 3H+ > Ln3+ + 3H20 (4.27) 

a3+ K= '-" = aLn3+. aH+ (4.28) 
a3 H+ 

logK= log(aLn3+) + 3pH (4.29) 

CeO2 + e" + 4H+ Ce3+ + 2H20 (4.30) 
aCe3+ 

. 
a2 

K= =a 3+. a-'. a-4 Cc " H+ 
(4.31) 

e aCe02 ae- . a4 + 
logK = log(aCe3+ )+ pe + 4pH (4.32) 

4.3.3 Calculating solubility products 

The solubility relations depend on the actual activity of each of the free ion Ln3+, 

C032 , 
OH', Na+ ions and the pH of the solutions and not the total concentrations 

of each element. The actual proportion of these ions compared with the total 

concentration does vary significantly with the composition of the solution. The 
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Nd3+ ion only exists as the free aquo ion at low pH and carbonate activities. Lee 
& Byrne (1992,1993) have calculated a consistent set of association constants 
for REE hydroxy and carbonate species in seawater by linear free energy 

calculations (Table 4.2 and 4.3). 

Table 4.2 Association aqueous reactions for the constants given in Table 4.3 

after Lee & Byrne (1992,1993) 

Ln3+ + H2O ) LnOH2+ (4.34) 

Ln3+ + 2H20 ) Ln(OH)2+ + 2H+ (4.35) 

Ln3+ + 3H20 . Ln(OH)3 + 3H" (4.36) 

Ln3+ + C032" --ý LnC03+ (4.37) 

Ln3+ + 2CO32"-> Ln(CO3)2' (4.38) 

Table 43 Aqueous Species association constants after Lee & Byrne (1992, 

1993) 

Ln LnOH Ln(OH)2 Ln(OH)3 LnCO3 Ln(C03)2 

Ce -8.41 -17.60 -27.23 7.40 12.63 

Nd -8.16 -17.04 -26.40 7.67 13.09 

Eu -7.90 -16.37 -25.41 7.95 13.40 

In very dilute or ideal solutions, the charged ions in solution are assumed to be 

too dilute to interact with each other and therefore have a uniform distribution 

throughout the solution. The activity of a species is equal to the aqueous 

concentration of that species as the aqueous ions are assumed not to interact. In 

non-ideal solutions the aqueous species are charged, and therefore they can 

significantly interact with each other, the extent of the interactions will increase 

with the ionic strength of the solution. The activity coefficient (y) is used to 

calculate the actual activity of a component from the expression 

am = Y[M] (4.34) 

where a= the activity of species M, y= the activity coefficient and [M] is the 

concentration of component M. 
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The activity coefficient can be calculated from the Debye-Hückel expression and 

will be described further in Chapter 7. 

A number of geochemical models ( e. g. PHREEQC, Parkhurst, 1995) have been 

developed to calculate the speciation and activities of ions in complex solutions 

from a series of association constants (Table 4.3) and the Debye-Hückel 

expression. PHREEQC calculates the speciation in solution as the molality of 

each ion, from a series of association reaction constants (i. e. for lanthanides from 

Table 4.3) presented in a database containing all possible aqueous reactions for 

each element involved (Appendix 7.1, PHREEQC Database). The activity 

coefficient of each species is then calculated from the Debye-Hückel expression 

and hence the activity of each species can be derived and used to calculate the 

actual solubility product of a phase in equilibrium with the 'solved' solution. 

The model then calculates an ion activity product (IAP), as the sum of the 

component ions for the dissociation reaction of each solid phase that is included 

in the database with aqueous reactions, i. e. for the lanthanides the reactions 

shown in Table 4.1. The IAP is calculated for the same reaction equation as the 

solubility product and used to predict the saturation of a solution with any 

possible solid phases. The IAP is therefore equal to the solubility product when 

the solution is in equilibrium with a solid phase. 

The solubility product for the solid phases formed from Section 4.2 were 

calculated for each individual solution analysis (Appendix 4.1 to 4.12), from the 

species activities calculated by PHREEQC using the Lee & Byrne (1992 & 1993) 

aqueous reaction constants. 

An average composition for each solid phase could not be used in the PHREEQC 

model as some phases were determined from more than one set of conditions 

(precipitation and dissolution) that varied in ionic strength and element 

composition. The free ion activity of each component is also pH dependent. 

Each solution was therefore solved individually and an average value taken for 

each solubility product from all the relevant experimental data 
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4.3.4 Calculation of a typical solubility product (e. g. NaNd(C03)2) 

A typical example of a solubility product calculation is shown in full below, for 

the dissociation of NaNd(C03)2 (equation 4.12), using the solution activities 
(Table 4.4) calculated by PHREEQC from the whole solution composition (Table 

4.5) for an equilibrium solution. 

NaLn(C03)2 > Ln3+ + Na+ + 2C032" (4.12) 

Table 4.4 Calculation of NaNd(C03)2 solubility product from PHREEQC 

calculations (Table 4.9) from solution data (Appendix 4.2) 

Element Nd Na TIC 

total cone/M 3.1x10' 0.0325 0.015 

Species Nd Na CO3 2- 

log molality -11.579 -1.491 -3.284 
log y -0.820 -0.091 -0.365 
log activity -12.399 -1.582 -3.649 

The solubility product is calculated from the solution activities shown above 

(Table 4.4) by equation 4.14 as: 
IogKsp = log(aNa+) + log(aLn3+) + 21og(aco3-) (4.14) 

_ (-12.399) + (-1.582) + 2(-3.649) 

log Ksp = -21.28, average log Ksp = -21.25±0.95 (all data, Appendix 4.2) 

Similar calculations can be performed for all other solid phases prepared in 

Chapter 4 from the relevant equations in Table 4.1 and the solution data with 

activities in Appendix 4.1 to 4.12. The solubility products are summarised in 

Table 4.6 
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Table 4.5 PHREEQC output for a typical solution in equilibrium with 

NaNd(C03)2 
TITLE KSp Ca lc Nd82 B1 NaNd C03 2 

pH 8.62 
pe 0.00 

units mol/1 
Nd 3.1E-7 
Na 0.0325 
C 0.015 
Cl 0.015 

----------------- ------------Solution composition------- ----------- ---------- 
Elements Molality Moles 
C 1.503e-02 1.503e-02 
C1 1.503e-02 1.503e-02 
Na 3.256e-02 3.256e-02 
Nd 3.106e-07 3.106e-07 

----------------- -----------Description of solution----- ----------- ---------- 
pH = 8.622 
pe = 0.000 

Act ivity of water = 0.999 
Ionic strength = 3.183e-02 

Mass of water (kg) = 1.000e+00 
Tempe rature (deg C) = 25.000 

Electrica l balance (eq) = 1.906e-03 

---------- -----------Distribution of species----- ----------- ---------- 
Log Log Log 

Species Molality Activity Molality Activity Gamma 

OH- 5.160e-06 4.183e-06 -5.287 -5.378 -0.091 
H+ 2.739e-09 2.388e-09 -8.562 -8.622 -0.060 
H2O 5.551e+01 9.989e-01 0.000 0.000 0.000 

C(-4) 0.000e+00 
CH4 0.000e+00 0.000e+00 -51.667 -51.667 0.000 

C(4) 1.503e-02 
HC03- 1.414e-02 1.147e-02 -1.849 -1.941 -0.091 
C03-2 5.200e-04 2.246e-04 -3.284 -3.649 -0.365 
NaHCO3 1.686e-04 1.686e-04 -3.773 -3.773 0.000 

NaC03- 1.349e-04 1.094e-04 -3.870 -3.961 -0.091 
112C03 6.129e-05 6.129e-05 -4.213 -4.213 0.000 

Nd(C03)2- 3.054e-07 2.476e-07 -6.515 -6.606 -0.091 
NdC03+ 5.170e-09 4.191e-09 -8.287 -8.378 -0.091 

Cl 1.503e-02 
Cl- 1.503e-02 1.218e-02 -1.823 -1.914 -0.091 

H(0) 8.073e-21 
H2 4.036e-21 4.036e-21 -20.394 -20.394 0.000 

Na 3.256e-02 
Na+ 3.226e-02 2.615e-02 -1.491 -1.582 -0.091 
NaHCO3 1.686e-04 1.686e-04 -3.773 -3.773 0.000 

NaCO3- 1.349e-04 1.094e-04 -3.870 -3.961 -0.091 
Nd 3.106e-07 

Nd(C03)2- 3.054e-07 2.476e-07 -6.515 -6.606 -0.091 
NdC03+ 5.170e-09 4.19le-09 -8.287 -8.378 -0.091 
NdOH+2 2.673e-12 1.155e-12 -11.573 -11.938 -0.365 
Nd+3 2.637e-12 3.989e-13 -11.579 -12.399 -0.820 
Nd(OH)2+ 7.855e-13 6.368e-13 -12.105 -12.196 -0.091 
Nd(OH)3 1.163e-13 1.163e-13 -12.934 -12.934 0.000 
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Table 4.6 Summary of the calculated solubility products (Ksp) and hydrolysis 

reaction constants (K) for the reactions in Table 4.1 (This work) 
Phase log Ksp log K Solution data and 

activities 
NaCe(C03)2 -22.62±2.2 Appendix 4.1 

NaNd(C03)2 -21.25±0.95 Appendix 4.2 

NaEu(C03)2 -20.48±0.69 Appendix 4.3 

Ce2(CO)3 -36.04±0.75 Appendix 4.4 

Nd(C03)3 -34.43±0.35 Appendix 4.5 

Eu2(CO3)3 -32.99±1.09 Appendix 4.6 

NdCO3OH -19.87±1.75 -5.87±1.75 Appendix 4.7 

EuCO3OH -18.62±0.15 -4.62±0.15 Appendix 4.8 

Nd(OH)3 -21.41±0.67 20.59±0.67 Appendix 4.9 

Eu(OH)3 -22.79±0.23 19.21±0.23 Appendix 4.10 

CeO2 30.66±0.60 Appendix 4.11 

KNd(C03)2 -19.17±0.01 Appendix 4.12 

The NaCe(C03)2 equilibrium solutions have a very high ionic strength and 

therefore the activity coefficient has a significant impact on the solubility product, 

compared with the more dilute Nd and Eu double carbonates. The Debye-HÜckel 

expression used to calculate the activity coefficients can only be used for dilute 

solutions, therefore any calculations involving the NaCe(C03)2 solubility product 

must be considered as unreliable due to the high Na and TIC concentrations used. 

4.4 Comparison of calculated solubility products with Literature Data 

A summary of the lanthanide carbonate and hydroxide solubility data derived is 

presented in Table 4.7. The data obtained is also compared to those obtained in 

the literature. 
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Table 4.7 Comparison of the solubility products calculated in this work with this 

work with literature values 

Phase log KSp log K Ref. 
NaCe(C03)2. xH2O -22.62±2.2 This work 

-17.5±0.1 Ferri et al., (1983) 
NaNd(C02)2. xH2O -21.25±0.95 This work 

-21.39 Rao et al., (1996a) 
NaEu(C03)2. xH2O -20.48±0.69 This work 
Ce2(CO3)3. xH2O -36.04±0.75 This work 

-37.65 Meinrath and Kim (1991 a) 
Nd2(CO3)3. xH2O -34.43±0.35 This work 

-34.10±0.48 Firsching & Mohammadzadel (1986) 

-31.35±0.12 
Runde et al., (1992) 

-31.35±0.13 
Meinrath and Kim (1991a) 

Eu2(CO3)3. xH2O -32.99±1.09 This work 

-35.03±0.25 
Firsching & Mohammadzadel (1986) 

-31.78±0.22 
Runde et al., (1992) 

NdCO3OH -19.87±1.75 -5.87±1.75 This work 

-19.94±0.16 -5.54±0.16 
Runde et al., (1992) 

-19.19±0.08 -5.19±0.08 
Meinrath and Kim (1991 a) 

EuCO3OH -18.62±0.15 -4.62±0.15 This work 
-20.18±0.09 -6.18±0.09 Runde et al., (1992) 

Nd(OH)3 -21.41±0.67 20.59±0.67 This work 
-22.3±0.7 19.7±0.7 Morss et al., (1989) 

-27.04 14.96 Rao et al., (1996b) 

-25.98±0.37 16.02±0.37 Diakonov et al., (1998a) aged & 

-23.32 18.68 fresh crystals 
Eu(OH)3 -22.79±0.23 19.21±0.23 This work 

-26.5 15.5 Morss et al., (1994) 

-26.54 15.46 Diakonov et al., (1998b) aged & 

-24.40 17.6 fresh crystals 
Ce02 30.66±0.60 This work 
KNd(CO3)2 -19.17±0.01 This work 

The solubility products from this study indicate an increase in solubility of the 

carbonate phases with a decrease in ionic radii (Table 4.8), i. e. a relative increase 

in the solubility of the HREE compared with the LREE. This trend is often seen 

in geochemical systems and found in carbonate bearing lakes (Johannesson et al.,, 

1994) and seawater (Elderfield & Greaves, 1982). 
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Table 4.8 The variation in the solubility product of lanthanide carbonate phases 

Ln ionic radii log Ksp log Ksp log Ksp 
NaLn C03 2 Ln CO LnCO OH 

Ce + 103.2pm -22.62 -36.04 
Nd 98.3pm -21.25 -34.43 -19.87 
Eu + 94.7pm -20.48 -32.99 -18.62 

There has not been a previous comprehensive study on a series of lanthanides, 

which includes all the solid phases identified in the Naa-Ln3+-CO32 -OH' system 
from this study. Previous studies have focused on direct comparisons of an Am 

solid phase with Nd and or Eu. Alternatively the solubility of all the lanthanides 

has been considered for a single solid phase, either Ln2(C03)3 (Firsching & 

Mohammadzadel, 1986) or the Ln(OH)3 phase (Diakonov, 1998b). When a 

single solid phase has been considered for a pair of lanthanides , e. g. Nd and Eu, 

then the difference between the solubility products of each type of phase, for the 

pair of lanthanides is usually less than the difference between the solubility 

product of that phase for a single lanthanide in separate studies (Table 4.7). 

There are no literature values for the solubility of NaEu(C03)2 and only a single 

value for NaNd(C03)2 which agrees with this study (Table 4.7). The solubility 

products for NaCe(C03)2 are probably unreliable due to the high ionic strength's 

of the equilibrium solutions (above 2M total dissolved salts) and the Debye- 

Hückel equation is designed to predict aqueous species activities in dilute 

solutions and buffer solutions (i. e. O. 1M NaCIO4) are usually used to keep a 

constant ionic strength in solution. However the calculated solubility of 
NaCe(C03)2 is similar to Nd and Eu and does follow the trend of increasing 

lanthanide solubility, with decreasing ionic radii for the lanthanides. 

There is a wide range in the solubility products determined for lanthanide 

hydroxides that cluster around the extremes of the range from log Ksp -21.4 (this 

work) , -22.3 (Morss et al., 1989) to -27.4 (this work, Rao et al., 1986b) 

reflecting the experimental technique and the crystallinity of the sample. The 

lowest solubilities were derived from the partial dissolution of thermally aged 
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crystals formed in a 2M to 5M NaOH solution (Rao et al., 1996b). In this study, 

the solid Ln(OH)3 phases were formed by precipitation in low ionic strength 

solutions at less than 0.1M total inorganic carbonate or hydroxide, and allowed to 

stand for at least 2 months. This type of study is invaluable in determining how 

much of each lanthanide could be removed from solution immediately, to mimic 

the effects of secondary precipitation after the dissolution of an initial host 

mineral phase, before the lanthanide can be transported out of the system 

assuming no other method of removal i. e. adsorption to mineral surfaces. 

The lanthanide hydroxide phases formed in this study therefore infer the initial 

solubility limit at 25°C from low ionic strength solutions, rather than the 

dissolution of highly crystalline slowly forming aged crystals. Vitorge (1992) 

notes that Am(OH)3 forms initially as an amorphous solid which slowly 

transforms into a more stable and less soluble crystalline phase. The lanthanide 

hydroxide phases would therefore be expected to crystallise in a similar manner, 

however the time required for solid phase equilibration is unknown. Conversely, 

Silva et al., (1995) indicate that Cm(OH)3 crystals will show lattice defects in less 

than a week and Am(OH)3 crystals in months from the a-particle emissions. A 

good crystal structure is unlikely to form after the constant disruption to the 

crystal lattice indicating that the less crystalline hydroxide phases (or other 

carbonate phases) with the higher solubility are more likely to form. 

4.5 Calculation of the Gibbs Free Energy of Formation (AGr ) 

The solubility product of a solid/mineral phase can be used to calculate the 

Standard Gibbs free energy of reaction (AGB) for the dissociation of a solid 

phase from equation 4.39 

AGB = -RTInK (4.39) 

where K= Solubility product, T= absolute temperature (K) and R= Gas constant 

(8.314JK"'mol'). 
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The Gibbs free energy of reaction is the difference between the Gibbs free energy 

of formation of the reactants and products for any reaction (equation 4.40) 

AGB = AGf (products) - AGf (reactants) 

AGf (reactants) = AGf (products) - AGR�° (4.40) 

For the solubility reactions AGf (products) are the component aqueous ions on 

dissolution and AGf (reactants) are the solid phase and H+ when applicable. The 

Gibbs free energy of formation of the lanthanide carbonate and hydroxy 

carbonates can be calculated from the solubility products and the aqueous 

thermodynamic data (Table 4.9). 

Table 4.9 Selected thermodynamic data for aqueous species (Lide, 1998) 

species AGf /KJmo1" species AGf /KJmo1'l 

Ce -672.0 OH' -157.22 
Nd -671.6 CO3 " -527.90 
Eu -574.1 C02 -394.37 
Na -261.95 0.00 

H2O -237.14 e- 0.00 

The Gibbs free energy of formation for the sodium lanthanide double carbonates 

can be calculated from the solubility product measured for the dissociation 

reaction of the solid phase into the free component ions (equation 4.12) 

NaLn(C03)2 ) Ln3+ + Na+ + 2C032- (4.12) 

The component ions (from equation 4.24) can be substituted for the 

AGf (products) in equation 4.40 and the solid phase for the iGf (reactants) as 

equation 4.41. The thermodynamic data for the free ions (Table 4.9) is then 

substituted into equation 4.41 with the Gibbs free energy of reaction (calculated 

from the solubility product) 
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AGf (reactants) = AGf (products) - AGB (4.40) 
AGf [NaNd(C03)2] _ [AGf (Na) + AGf (Ln3+) + 2AGf (C032)] - AGR, ° (4.41) 

_ [(-261.95) + (-671.6) + 2(-527.9)] - [121.3] 
_ -2110.7 KJmol'1 

The Standard Gibbs free energy of formation of all the other solid carbonate and 

hydroxy phases prepared can be calculated for from the equations in Table 4.10 

and the results summarised in Table 4.11 

Table 4.10 Equations for the calculation of the Standard Gibbs free energy of 
formation from solubility products 

AG ° reactants = AG(products) -A° (4.40) 
NaLn(C03)2 Ln3+ + Naa + 2C032" (4.12) 
AGf NaLn C03 Z= AGf Na + OGf n3+ + 2AGf C032' - AGR ° (4.41) 
Ln2(C03)3 > 2Ln3+ + 3C032" (4.15) 
AGf LnZ C03 = 2AG f Ln3+ + 3AG ° C032" _AGIj (4.42) 
LnCO3OH ) Ln3+ + CO32' + OH" (4.18) 
AGt LnC03OH = AGf Ln3+ + AGc C032 + AGf OH - OGRn° 4.43 
LnC03OH += Ln + C03; 1'+ H2O (4.21) 
AGc [LnC030H1 + LG'[HJ = [AGr (Ln3+) + OGf (C032") + AGf (H20)l -A ,° (4.44) 
Ln(OH)3 ---ý Ln ++ 30H' (4.24) 
AG ° Ln OH 3= OGf Ln3+ + 3MG °O- AGRno (4.45) 
Ln(OH)3 +3= Ln + 3H20 (4.27) 
0G ° Ln OH 3+ AGf H+ = OG ° Ln3+ + 3AG °HO-0n (4.46) 

Ce02 + 4H+ +e" > Ce3+ + 2H20 (4.30) 
AGf Ce02 = OG f Ce3+ + 20G f H2O - OGR, ° (4.47) 
KNd(CO3)2 ---> K++ Nd ++ 2C032' (4.48) 
AG ° KNd CO = AG °K+ AG ° Nd3 + 211 

-A° 4.49 
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Table 4.11 Summary of OGf calculations for lanthanide carbonate and hydroxy 

phases (this work) 

Phase log Ksp logK OGf /KJmol' 

NaCe(C03)2 -22.62 -2118.9 
NaNd(C03)2 -21.25±0.95 -2110.7 
NaEu(C03)2 -20.48±0.69 -2008.8 
Ce2(CO3)3 -36.04±0.75 -3133.4 
Nd2(CO3)3 -34.43±0.35 -3123.4 
Eu2(C03)3 -32.99±1.09 -2920.2 
NdCO3OH -19.87±1.75 -5.87±1.75 -1470.2 
EuCO3OH -18.62±0.15 -4.62±0.15 -1365.5 
Nd(OH)3 -21.41±0.67 20.59±0.67 -1265.5 

Eu(OH)3 -22.79±0.23 19.21±0.23 -1175.9 
CeO2 30.66±0.60 -971.3 
KNd(C03)2 -19.17±0.02 -2119.3 

4.6 Phase Relations 

The Gibbs free energy of reaction (OGRn°) can be calculated for any two phases in 

equilibrium (equation 4.40), then used to calculate the reaction constant of the 

equilibrium reaction between those phases from equation 4.39 

OGH = iGf (products) - AGf (reactants) (4.40) 
AGR�° = -RTInK (4.39) 

then the reaction constant (K) can be derived as equation 4.50 

AGO -AGo 
1nK =- 

RT 
.: K= exp RT (4.50) 

The reaction constant is also dependent on the activities of the aqueous 

components (equation 4.51) 
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11[products] 
K= 

fJ[reactants] (4.51) 

A phase boundary can therefore be calculated for the equilibrium between two 

phases if their respective Gibbs free energy of formation (OGf) are known 

(Tables 4.9 & 4.11). 

4.6.1 Ln2(CO3)3-LnCO3OH equilibrium 

The equilibrium reaction between Ln2(CO3)3 and LnCO3OH is usually described 

in terms of pH and C032" activity for the equilibrium reaction, equation 4.52 

Ln2CO3 + 2H20 = 2LnCO3OH + 2H+ +C03 2, (4.52) 

The Gibbs free energy of reaction (OGRn°) can be calculated from equation 4.53, 

using the AGf values from Tables 4.9 and 4.11 and shown in Table 4.12 

AGR = [2AGf (LnC030H) + 2iG f (H+) + AGf (C032 )J 
- [AG1(Ln2(C03)3) + 2AGf (H20)] (4.53) 

Table 4.12 Calculation of the Ln2CO3-LnCO3OH equilibrium reaction constant 

equilibrium log Ksp OGf KJmo1' AGf /KJmo1' OGH°/ logK 
phase 

_(products) 
(reactants) KJmol'1 (equilibrium) 

Nd2(C03)3 -34.43 -3468.2 -3597.67 129.47 -22.68 
-NdCO3OH -19.87 

Eu2(CO3)3 -32.99 -3258.84 -3394.45 135.61 -23.76 
-EuCO OH -18.62 

The reaction constant can also be expressed in terms of the activities in aqueous 

solution (equation 4.54) 

z 

K_ 
aLn2(CO3)3. aC03_. aH+ 

(4.54) 
2 aLnC030H'aH2O 
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H2O has an activity of 1, and at equilibrium the activities of Ln2CO3 and 
LnCO3OH are equal and have an activity of 1 as solid phases therefore equation 
4.54 can be simplified as equation 4.55 

K=aH.. a CO2- (4.55) 

by taking -log of equation 4.55 to convert the activity of H+ into pH, the 

equilibrium phase boundary can be written in terms of the carbonate activity of 

the solution (equation 4.56) and the reaction constant calculated in Table 4.37 

log aco2- = 2pH + logK (4.56) 
3 

4.6.2 LnCO3OH-Ln(OEl)3 equilibrium 

The equilibrium reaction between the hydroxycarbonate and the hydroxide is also 

expressed in terms of H+ and C032- activities (equation 4.57) 

LnCO3OH + 2H20 = Ln(OH)3 + 2H+ + C032 (4.57) 

and the Gibbs free energy of reaction calculated from equation 4.58 

OGw, ° = [AG? (Ln(OH)3) + 2AGf (H+) + AGf (CO32-)] 

- [AGf (LnCO3OH) + 2AGf (H20)] (4.58) 

The reaction constant can be derived from the AGj ° (Table 4.13) 

Table 4.13 Calculation of the LnCO3OH-Ln(OH)3 equilibrium reaction constant 

equilibrium log Ksp OGf KJmol" zGf /KJmo1" OGw, / logK 
phase (products) (reactants). KJmol'1 (equilibrium) 
NdCO3OH -19.87 -1793.36 -1944.43 151.07 -26.47 

-Nd(OH)3 -21.41 
EuC030H -18.62 -1703.76 -1839.75 135.99 -23.83 

-Eu(OH)3 -22.79 

The equilibrium constant can be expressed as solution activities (equation 4.59) 

K =a }{.. a CO2- (4.59) 
3 
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and by taking -log of equation 4.59 and rearranging , the carbonate activity in 

solution can be calculated in terms of pH and the reaction constant (equation 

4.60) 

log aco3_ = 2pH + logK (4.60) 

Equations 4.56 and 4.60 indicate that the Ln2CO3-LnCO3OH and LnCO3OH- 

Ln(OH)3 phase boundaries have a linear relationship which are dependant on the 

pH and C032" activities in solution but displaced by the reaction constants (Tables 

4.12 and 4.13). The Nd phase boundaries are separated by 4 log units, whilst the 

Eu phase boundaries are almost continuous with a separation of less than I log 

unit. 

4.6.3 NaLn(CO3)2-Ln2(CO3)3 equilibrium 

The NaLn(C03)2 and Ln2CO3 equilibrium can be described by equation 4.61 

2NaLn(CO3)2 = Ln2CO3 + 2Na+ + C03Z' (4.61) 

The Gibbs free energy for the reaction can be calculated by equation 4.62 from 

the AGf values in Tables 4.9 and 4.11 and shown in Table 4.14 

AGwn" = [AGf (Ln2COJ) + 20Gf (Na+) + AGf (CO32-)J - [20Gf (NaLn(COJ)z)] 
(4.62) 

Table 4.39 Calculation of the NaLn(C03)2-Ln2CO3 equilibrium reaction constant 

equilibrium log Ksp AGf KJmol' AGf /KJmol" AGR. � / logK 

phase (products) (reactants) KJmol-1 (equilibrium) 
NaCe(C03)2 -22.62 -4185.18 -4237.8 52.62 -9.2 

-Ce2(CO3)3 -36.04 
NaNd(CO3)2 -21.25 -4175.19 -4221.4 46.21 -8.1 

-Nd2(C03)3 -34.43 
NaEu(CO3)2 -20.48 -3971.97 -4017.52 45.55 -7.98 

-Eu2(CO3)3 -32.99 
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When the reaction constant is expressed as the aqueous components, the reaction 
is independent of the pH but dependant on C032" activity, Na+ activity and the 

reaction constant (equations 4.63) 

K=a2 . ac03_ Na+ 

and when expressed in terms of the C032" activity (equation 4.64) 

logaco3_ = IogK - 2logaNa+ 

the carbonate activity can be seen to be constant at a constant Na' activity. 

4.6.4 NaLn(C03)2-LnCO3OH equilibrium 

(4.63) 

(4.64) 

The reaction between NaLn(C03)2 and LnCO3OH (equation 4.65) is dependant on 

pH, C032- and Na+ activities. 

NaLn(CO3)2 + H2O = LnCO3OH +Na+ + H+ + C032. (4.65) 

The Gibbs free energy of the reaction can therefore be calculated from equation 

4.66 

AGJ= [AGf (LnCO3OH) + OGf (Na+) + AGf (H+) + AG' f (CO32 )] 

- [AGf (NaLn(CO3)2) + AGf (H20)] (4.66) 

and the reaction constant calculated in Table 4.15 

Table 4.15 Calculation of the NaLn(C03)2-LnCO3OH equilibrium reaction 

constant 

equilibrium log Ksp AGf KJmol" &Gf /KJmol" DGw, / logK 
phase (products) (reactants) KJmol"' (equilibrium) 

NaNd(C03)2 -21.25 -2260.00 -2374.84 87.84 -15.40 
-NdCO3OH -19.87 

NaEu(C03)2 -20.48 -2155.32 -2245.9 90.58 -15.87 
-EuCO3OH -18.62 

The reaction constant can be calculated from equation 4.67 in terms of the 

aqueous components 
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K= aNa+. a1+ aco, - (4.67) 

logaco3. = pH - Toga Na+ + 1ogK (4.68) 

4.6.5 NaLn(CO3)2-Ln(OH)3 equilibrium 

At high pH NaLn(CO3)2 may form in equilibrium with the hydroxide phase, 

especially at high Na+ activities in carbonate solutions from the reaction (equation 

4.69) 

NaLn(C03)2 + 3H20 = Ln(OH)3 + Na+ + 2C032- + 3H+ (4.69) 

and the Gibbs free energy of reaction calculated from equation 4.70 in Table 4.16 

AGw, ° = [AGf (Ln(OH)3) + OGf (Na+) + 20Gf (CO32) + 30Gf (H+)] 

- [AGf (NaLn(C03)2) + 30Gf (H2O)] (4.70) 

Table 4.16 Calculation of the NaLn(CO3)2-Ln(OH)3 equilibrium reaction 

constant 

equilibrium log Ksp AGf KJmol" OGf /KJmol" AGR�°/ logK 

phase (products) (reactants) KJmol'1 (equilibrium) 
NaNd(C03)2 -21.25 -2583.21 -2820.44 239.02 -41.70 
-Nd(OH)3 -21.41 
NaEu(CO3)2 -20.48 -2493.61 -2720.18 226.57 -39.70 
-Eu(OH)3 -22.79 

The reaction constant for equation 4.69 can be expressed as equation 4.71 in 

terms of the aqueous components 

3 K=aCO22 
.a Ei+. äNa+ (4.71) 

and can be written in terms of the aqueous carbonate activity as equation 4.72 

logaCO3_ =2 [3pH - logaNa' + 1ogK] (4.72) 
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4.6.6 Ce2(CO3)3-CeO2 phase boundary 

The Ce2(CO3)3-CeO2 phase boundary differs from the other lanthanide carbonate 

phase boundaries in that a redox reaction must take place during the phase change 
(equation 4.73) 

Ce2(CO3)3 + 4H20 = 2CeO2 + 2e" + 8H20 + 3CO32' (4.73) 

The Gibbs free energy of reaction is therefore calculated from equation 4.74 as 

shown in Table 4.17 

AGp,, * = [2AGf (Ce02) + 2AGf (e") + 80Gf (H+) + 3AGf (CG32-)] 

- [AG? (Ce2(C03)3) + 40G f (H20)] (4.74) 

Table 4.17 Calculation of the Ce2(C03)3-CeO2 equilibrium reaction constant 

equilibrium log Ksp/ AGf KJmol' iGf /KJmol' AGR. / logK 
phase logK (products) (reactants) KJmol'' (equilibrium) 
Ce2(CO3)3 -21.25 -3256.24 -4081.94 555.7 -97. )6 

-CeO2 -21.41 

The reaction constant can be determined from the aqueous composition as 

K=a2. aX03_. a}i, (4.75) 

The phase boundary can therefore be described in terms of the C03 2' activity or 

the pe in solution with a variable pH from equations 4.76 and 4.77 

log a co, - 3= 3 (2pe + 8pH + logK) (4.76) 

pe =? (3 log a X03_ + 8pH + logK) (4.77) 
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4.7 Nd and Eu Phase Diagrams 

A pH vs carbonate concentration diagram can be constructed for each of the 

lanthanides showing the stability region of each phase found from the titration 

experiments using the equations in Table 4.18. The diagrams are constructed 

assuming the solutions are ideal and therefore the concentration of each species is 

equal to the species activities in solution, at a temperature of 298.15K. The 

diagrams can be plotted in two dimensions therefore, the Na+ activity will be 

considered at specific concentrations. 

Table 4.18 Summary of solid phase equilibrium reactions and reaction constants 

with aqueous carbonate solutions (this work) 
Equilibrium Equilibrium Reaction logK logK logK 

Phases Ce Nd Eu 
Ln2(CO3)3 log[CO3 ]= 2pH + logK N/A -22.68 -23.76 

- LnCO3OH 
LnCO3OH log[CO3 '] = 2pH + logK N/A -26.47 -23.83 

- Ln0 3 
NaLn(C03)2 1og[CO3 2] = -9.20 -8.10 -7.98 

- Ln2 CO3 3 logK - 21o a 
NaLn(C03)2 109[C03 21 = N/A -15.40 -15.87 

- LnCO OH H- lo a+ lo K 
NaLn(C03)2 log[C03 1= N/A -41.90 -39.70 

- LnO 3 3 H-lo a+ loK /2 
NaCe(CO3)2 pe = 21og[CO3 1- 4pH -49.93 N/A N/A 

-CeO2 + log[Ne] - logK 
log[CO32] = (4pH + pe 

+ log[Nal + lo K /2 
Ce2(C03)3 pe = (31og[CO3 ] -8pH -97.36 N/A N/A 

-CeO2 - logK )/2 
log[C032] = (2pe + 8pH 

+ lo K /3 

4.7.1 pH vs log[CO32"] stability field diagrams 

The interactions between the Ln2(C03)3, LnC030H and Ln(OH)3 phases are 

directly related by the pH and C032- activities of the solution (equations 4.52 and 
4.57) 
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Ln2(CO3)3 + 2H20 = LnCO3OH + 2H++ C03 2- (4.52) 

LnCO3OH + 2H20 = Ln(OH)3 + 2H++ C032- (4.57) 

The phase change from Ln2(CO3)3, to LnCO3OH then to Ln(OH)3 with pH, 

reflects the increase in hydroxide activity in solution. Similarly increasing the 
[C032-] at a constant pH displaces hydroxide to form more carbonate dominant 

phases. 

The stability field for each of these phases can be conveniently plotted on a pH vs 

[C032-] diagram, to determine the most stable phase, (and therefore the 

solubility limiting phase), over a range of solution conditions. The stability field 

boundaries between Ln2(CO3)3 with LnCO3OH and LnCO3OH with Ln(OH)3, 

have the same relationship between C032' and pH (equation 4.78), therefore the 

stability field boundaries between these three phases will be parallel, but 

displaced by the constant for each equilibrium reaction. 

K= [CO32"][H+]2 (4.78) 

.: 1og[CO32-] = 2pH + logK (4.79) 

In Na' free solutions the pH vs log[CO32-] diagram for Nd (Figure 4.2a) shows 

that the Nd system has three distinct phases however, the almost identical 

reaction constants for the Eu phases, results in the Eu2(CO3)3-EuCO3OH- 

Eu(OH)3 phase boundaries (Figure 4.3a) almost being superimposed. A less 

soluble EuCO3OH phase would push the phase boundaries apart. 

The NaLn(C03)2 stability field boundary intersects the Ln2(CO3)3 and LnCO3011 

phases at high C032" activities (Figures 4.2b and 4.3b). This can be seen when the 

addition of excess Na2CO3 converts Ln2(C03)3 to NaLn(C03)2 according to the 

reaction below (equation 4.80) 

Ln2(CO3)3 + Na2CO3 = 2NaLn(CO3)2 (4.80) 

The NaLn(CO3)2-Ln2(CO3)3 stability field boundary is independent of pH and has 

an inverse relation between Na+ and C032- activity i. e. increasing the Na+ activity 
decreases the C032- activity required to form NaLn(C03)2. 
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The NaLn(C03)2-LnCO3OH stability field boundary is dependent on pH, C032" 

and Na' activities, increasing pH favours the formation of the hydroxycarbonate 

at constant C03 2- activity. The NaLn(C03)2-Ln(OH)3 stability field boundary is 

even more strongly dependent on pH than the NaLn(C03)2-LnCO3OH stability 
field boundary, and consequently there is a further increase in the inclination of 

this stability field boundary. 

The NaLn(CO3)2, Ln2(CO3)3 and LnCO3OH phases form a triple point that can be 

experimentally verified, where all three phases are in equilibrium, the position of 

which depends on the Na" activity in the pH vs [C032 ] diagram (Figure 4.2b). 

The NaLn(CO3)2-LnCO3OH-Ln(OH)3 triple point forms at high carbonate 

activities, above 1M total inorganic carbonate is required to form NaLn(C03)2, if 

there is less than 0.1M Na+ in solution. The required [CO32 ] then decreases with 
increasing [Na+]. 

The Nd and Eu stability field diagrams do not give any indication to the actual 

solubilities of the lanthanides, but do indicate the relative differences in the 

stability of each phase on the phase diagram, i. e. an increase in the solubility 

product of the LnCO3OH phase will increase the area of the LnCO3OH stability 

field. 
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Figure 4.2a Stability field diagram for the Nd-CO32--OFf system 
at 298.15K and 1 atm pressure 
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Figure 4.2b Stability field diagram for the Na-Nd-CO3'-OH- system 

at 298.15K and 1 atm pressure [Na'] =10mM 
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Figure 4.3a Stability field diagram for the Eu-CO32--Ol-H system 
at 298.15K and 1 atm pressure 

0 

.2 

-4 

-6 

-8 
ý^-10 
U 

-12 

. 14 

. 16 

-18 

-20 

Eu2(CO)3 

EuCO3OH 

Eu(OH), 

4 

Figure 4.3b Stability field diagram for the Na-Eu-CO32- Off system 

at 298.15K and 1 atm pressure [Na+] =10mM 
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4.7.2 pH vs Total Inorganic Carbonate (TIC) 

In addition to the accepted method of stability field diagram presentation, that is 

using the log[C032-], an alternative method of presenting the relationship 

between one phase and the next is to include the total inorganic carbonate (TIC) 

that will be in equilibrium with the system as pH increases. 

The pH vs log[CO32 ] stability field diagrams show the direct relationship 

between phases and the specific component ions required for each phase, however 

the actual free C032- concentration is only equal to the total inorganic carbonate 

concentration [TIC] above pH 10.5. Below pH 10.5 HC03- and H2CO1 aqueous 

species are the dominant aqueous species and CO; z- exists only at trace quantities 

(Figure 4.4). Carbonate complexes further with other cations in solution such as 

the Na' or K+ which also alter the pH reducing further the amount of free 

carbonate in solution. 

Figure 4.4 Carbonate speciation in 10'M Total Inorganic Carbonate 
(TIC) solution at 298.15K and I atm pressure 
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The [C032-] can be converted to [TIC] (from equation 4.81, Firsching and 

Mohammadzadel, 1986) to determine the actual total amount of aqueous 

carbonate required for each phase to form below pH 10. 
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[TIC] =[CO3']UH+]2 
+ K1[Kz +]+K1KZ) 

(4.81) 

K1 =4.16x10"7 
K2 = 4.84x 10" 1 

When the [C032"] has been converted to [TIC], there is a significant effect on the 

appearance of the lanthanide stability field diagrams below pH 10 (Figures 4.5 

and 4.6). Above pH 10 the C032- species is the dominant carbonate species in 

solution, and reflects that [C032"] is effectively [TIC]. 

In the Nd system (Figure 4.5), Nd2(CO3)3 is dominant at low pH and above 
10-6M TIC. Ln(OH)3 is stable at high pH and in low TIC solutions (below 2x 10- 
10M TIC). NdCO3OH forms between these two phases. NaNd(C03)2 is the stable 

phase in the mid-pH range above 10.3M TIC. Reducing or increasing the pH from 

pH 9, increases the amount of carbonate required to form NaNd(C03)2. 

Eu forms a similar stability field diagram (Figure 4.6) to the Nd system, except 

the EuCO3OH phase has a narrow stability field. Eu2(C03)3 is stable above 10'7M 

TIC at pH 4 to 6, whilst Eu(OH)3 is stable below 8x10"8M TIC between pH 4 and 
6. 

The NaLn(C03)2-Ln2(CO3)3 stability field boundary is independent of pH in pH 

vs 109[C032-] stability field diagrams (Figures 4.2b and 4.3b). This phase 

equilibrium is controlled by pH when total inorganic carbonate is considered, as 

CO32- is actually present only as trace quantities in solution. Below pH 6, 

NaLn(CO3)2 is unlikely to form as a [TIC] above 1M would be required (Figures 

4.5 and 4.6). 

The Ln2(C03)3-LnCO3OH and LnCO3OH-Ln(OH)3 phase boundaries remain 

parallel, however there is a minimum amount of TIC required for each phase. 

The [C032"] is present at trace quantities below pH 6. Above pH 6 the proportion 

of aqueous C03 2- increases steadily until pH 10, where CO32' becomes the 

dominant species and [C032'] is approximately equal to [TIC] 
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NaLn(C03)2 forms at a minimum [TIC] of approximately pH 9 for NaNd(C03)2 

and pH 9.5 for NaEu(C03)2. The shape of the NaLn(C03)2 stability field results 

from the interaction between the increasing effects of [C032-] in solution lowering 

the [TIC] required to form NaLn(C03)2, and the increasing hydroxy activity with 

pH favours the formation of LnCO3OH then Ln(OH)3. 

The pH vs [TIC] stability field diagrams show a realistic interpretation of the Na- 

Ln-TIC-OH system below pH 10, compared with traditional pH vs [C032'] 

diagrams. These stability field diagrams clearly indicate the solid lanthanide 

phase that will form in equilibrium with a solution of known composition. The 

lanthanide solubility can therefore be predicted over a range of solution 

conditions. 
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Figure 4.5 Stability field diagram for the Na-Nd-TIC-Old system 

at 298.15K and 1 atm pressure [Na+] = 10mM 
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Figure 4.6 Stability field diagram for the Na-Eu-TIC-OH' system 

at 298.15K and 1 am pressure [Na+] =10mM 
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4.7.3 Solid-aqueous phase relations 

The solid phase stability field diagrams only indicate the solubility limiting 

phases over the pH range pH 4 to14 and [TIC] from Ix10-1°M to IM solutions, 

they do not indicate the actual solubility of each lanthanide phase over the 

carbonate-pH range. The [Ln3+ ] can be calculated from the pH and the [C032- ] 

from the solubility product. However the actual aqueous lanthanide speciation is 

also dependent on the pH and C03 2- activity of the solution. Ln3+ is only the 

dominant aqueous species below pH 8.9, and a series of aqueous lanthanide 

hydroxy phases exist at higher pH. 

Increasing the pH of a solution favours the formation of the lanthanide hydroxy 

species, from Ln3+, through LnOH2+ and Ln(OH2)+ to Ln(OH)3° (Figure 4.7). 

Lanthanide carbonate species are also important at elevated TIC concentrations 

the carbonate species LnCO3+ and Ln(C03)2 are the dominant aqueous lanthanide 

species in the mid-pH range with Nd3+ and Nd(OH)3 dominant at the low and 

high pH extremes respectively (Figure 4.8). There is a transition region around 

10"5M TIC where all the aqueous species have an approximate equal activity 

between pH 8 and 10 (Appendix 4.13). The Ln3+ aqueous species is present in all 

solution compositions, but above pH 6, Ln3+ will only be present at trace 

quantities, i. e. between 3 to 5 orders of magnitude lower than the total lanthanide 

concentration. 
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Figure 4.7 The aqueous speciation of 107M Nd in 10-7 M TIC 
after Lee & Byrne (1992 & 1993) 
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Figure 4.8 The aqueous speciation of 10,7 MNd in 10,2M TIC 

after Lee & Byrne (1992 & 1993) 
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The pH vs aqueous lanthanide species diagrams (Figures 4.7 and 4.8) indicate that 

under most conditions there is only a single dominant aqueous lanthanide species. 

This dominant aqueous species can be superimposed on the pH vs [C032-] (Figure 

4.9) and pH vs [TIC] (Figure 4.10) stability field diagrams. The aqueous-aqueous 

phase relationships are calculated in the same way as the solid-solid phase 

relationships and are shown in Appendix 4.14 for the Lee & Byrne (1992 & 1993) 

aqueous lanthanide stability constants. 

The aqueous stability field diagrams are originally calculated as pH vs [C032") 

(Figure 4.9), which are then converted into a pH vs [TIC] diagram (Figure 4.10). 

They indicate that Ln3+ will be the dominant aqueous phase at low pH under all 

TIC activities. Similarly Ln(OH)30(aq) will be the dominant lanthanide aqueous 

phase at high pH. There is a minimum amount of total carbonate (10-6 M TIC) 

required for an aqueous lanthanide carbonate species (LnCO; +) to be the 

dominant aqueous species. Increasing the [TIC] further will then convert the 

LnCO3+(aq) to Ln(C03)2 (aq). When the pH decreases below pH 8, a steady 

increase in the [TIC] is required to form the aqueous lanthanide carbonate species. 
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Figure 4.9 Stability field diagram for the solid phase and dominant aqueous 

lanthanide species in the Na-Nd-CO 
32 -OH system at 298.15K and 1 atm pressure, 

[Na'] = 10mM (Lee & Byrne, 1992 and 1993 aqueous constants) 
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Figure 4.10 Stability field diagram for the solid phase and dominant aqueous 
lanthanide species in the Na-Nd-TIC-OH system at 298.15K and I atm pressure, 

[Na'] = 10mM (Lee & Byrne, 1992 and 1993 aqueous constants) 
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If each solid phase is assumed to be in equilibrium with the dominant aqueous 

species under any specific conditions then an estimation can be made of the total 

lanthanide solubility of each solid phase under all the pH and TIC conditions 

modelled. An estimation of the lanthanide solubility can be calculated from the 

difference between the Gibbs free energy of formation of each solid phase and the 

dominant aqueous phase (utilising Lee & Byrne, 1992 &1993 aqueous phase 

stability constants). 

Figure 4.11 Contoured Nd solubility diagram, superimposed upon the solid-solid 

and aqueous-aqueous phase in the Na-Nd-TIC-OH system 

at 298.15K and 1 atm pressure 
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The contoured lanthanide solubility diagram (Figure 4.11, calculated from 

Appendix 4.15) indicates that the lanthanide solubility increases for all phases as 

the ptl decreases below pH 8, especially if the TIC concentration also decreases. 

There is a solubility minimum of less than 10-7M total aqueous lanthanide at the 

centre of the diagram. The solubility minimum forms where the aqueous 

Ln(OH)30-LnCO3+-Ln(CO3)2 and the Ln(OH)2+-Ln(OH)30-LnCO3+ species 

intersect, at approximately 2x10-8M Nd in a 8xIO-5M TIC and pH 9.6. 

The aqueous lanthanide solubility increases with increasing pH into the region 

controlled by Nd(OH)3 (solid and aqueous). The lanthanide solubility decreases 
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until Nd(OH)3(s) is in equilibrium with Nd(OH)3(aq). The Nd solubility is then 
dependent on the reaction between these two phases and gives an equilibrium Nd 

concentration of 1.5x10-6 M. 

When the TIC concentration is increased above that of the solubility minimum 

there is also an increase in Nd solubility. When solid Nd2(C03)3 and NdC63OH 

convert to NaNd(C03)2 the dominant aqueous species is Nd(C03)2 . The Nd 

solubility is therefore dependant on the equilibrium reaction constant and Na+ 

activity. The Nd concentration in the contoured solubility diagram is therefore 

independent of pH and the TIC concentration, as NaNd(C03)2 is in equilibrium 

with Nd(C03)2 (equation 4.82) but is dependant on the sodium activity and 

reaction constant. In a 10mM Na+ solution the total aqueous Nd in equilibrium 

with NaNd(C03)2 will be approximately 1.3x10"6 M. 

NaNd(C03)2 = Na ++ Nd(C03)2' (4.82) 

If the Na' activity was increased so that the NaNd(C03)2 phase was in 

equilibrium with NdCO3+ or Nd(OH)30(aq), then the NaNd(CO3)2 in these regions 

would be dependent on the carbonate activity and pH of the system, however the 

minimum NaNd(C03)2 solubility would also decrease when in equilibrium with 

Nd(CO3)i 

Nd phases are extremely soluble at low total carbonate concentrations. In 

solutions with less than 10"8M TIC, Nd solubility becomes independent of the 

TIC content of the solution and total aqueous Nd concentrations above 1mM will 

be found below pH 8. 

4.7.4 Lanthanide solubility vs pH 

The contoured solubility diagrams give a good estimation of the lanthanide 

solubility over the entire range of the stability field diagram (Figure 4.11) and can 

therefore be used to identify the areas of minimum or maximum lanthanide 

solubility. These diagrams do indicate that the total lanthanide solubility will 

change sharply at solid and aqueous phase boundaries and under specific 
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conditions the lanthanide solubility may be broadly independent, or solely 

dependent on the pH or TIC activity of the system. However, the method used to 

calculate the lanthanide solubility (by considering a single aqueous species in 

equilibrium with the solid phase) does not consider any of the other aqueous 

interactions in complex solutions. These include the interactions between 

aqueous carbonate with the lanthanide ions themselves, other lanthanide species 

or multiple cations which may be in solution. 

The solubility of the lanthanides can also be calculated with PHREEQC for any 

solution composition. The lanthanide solubility can than be presented as a series 

of [Ln]totai vs pH or other parameter (e. g. Na or TIC activities) for any solid 

phases that are to be considered. PHREEQC was developed to model the stability 

of any series of minerals under geochemical conditions, i. e. to determine the 

solubility of mineral phases in equilibrium with complex but known (or predicted) 

groundwater compositions. The model overcomes the difficulties of multiple 

aqueous species for each element and the interactions between ions in a multi- 

component system, which cannot easily be introduced into a pH vs [C032'] 

stability field diagram. 

A profile of [Ln]. w vs pH for each of the solid phases to be considered can be 

constructed by considering each phase in equilibrium with a solution at variable 

pH from pH 4 to 14. The pH can be varied by adding elements to the system 

which are known to have minimal interactions to the system studied, e. g. KOH to 

increase the solution pH or HCl to reduce the pH. The model will then calculate 

the total lanthanide solubility and the concentration of each aqueous species that 

can form in that system. Then a saturation index is calculated for any solid phase 

that could form from the calculated equilibrium solution. The saturation index 

will only indicate whether other solid phases are more or less soluble than the 

target phase under those conditions, but will not be considered in the calculation 

When the [Ln]tot vs pH of all the solid phases are plotted on the same diagram 

(for the same bulk solution composition, i. e. equilibrium [TIC]), then the least 

soluble phase will be the solubility limiting phase. In a real solution, the more 

soluble phases would dissolve with the concurrent precipitation of the solubility 
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limiting phase. The [Ln]. tai vs pH profile is effectively a cross-section at constant 

TIC of the pH vs [TIC] contoured solubility diagram. 

If the Nd carbonate and hydroxide phases are placed in equilibrium with 50mM 

Na and TIC, (Figure 4.12), all four phases will be solubility limiting at different 

pH ranges. Nd2(C03)3 below pH 7, NaNd(C03)2 from pH 7 to 11.5, NdCO3OH 

from pH 11.5 to 12.5 and Nd(OH)3 above pH 12.5. The minimum Nd solubility 

of 2x10-7M , forms in equilibrium NaNd(C03)2, the Nd solubility in this region 

is broadly independent of pH. The Nd2(CO3)3 solubility increases sharply with 

decreasing pH below pH 6, the Nd solubility increases to 5x10"3M Nd by pH 4.5. 

The solubility of Nd(OH)3 is independent of pH above pH 12.5 at 10-6M. 

Reducing the Na and TIC concentrations to 1mM, (Figure 4.13), changes the 

solubility limiting phases. NaNd(C03)2 will not become the solubility limiting. 

Nd2(CO3)3 is the solubility limiting phase up to pH 9.5, but the total Nd solubility 

increases from a minimum (3x10-7M Nd) at pH 8 to 1x10-6M as pH increases 

towards pH 9.5. The NdCO3OH solubility then decreases to 2x10-7M at pH 11, 

before rising to 1x10-6M at pH 11.5, when Nd(OH)3 becomes the solubility 

limiting phase. 

The Nd solubility profiles (Figures 4.12 and 4.13), are in good agreement with 

the contoured solubility diagram (Figure 4.11). In general there is a sharp 

increase in Nd solubility at low pH, NaNd(C03)2 is the solubility limiting phase 

over the mid pH range at high Na+ activities, NdC030H will not form under 

these conditions. Similarly NaNd(C03)2 does not form in low TIC and Na 

systems. Nd(OH)3 is the stable high pH phase, and the Nd solubility is 

independent of pH, above pH 12. There are only slight differences between the 

two types of diagrams, at low TIC concentrations the contoured solubility 

diagram are restricted to the contour interval and do not include the interactions of 

multiple aqueous lanthanide species, therefore small discrepancies become 

apparent. 

The solubility of Eu in a 50mM Na and TIC solution (Figure 4.14), is similar to 

the Nd solubility diagram (Figure 4.12), however the Eu solubility (2x 10"6 M at 

178 



pH 8) is slightly greater than the Nd solubility (2x10-7M at pH 8) under the same 
conditions. Eu2(CO3)3 is the solubility limiting phase below pH 7, NaEu(C03)2 

from pH 7 to 11.5, then Eu(OH)3 above pH 11.5. EuCO3OH is significantly 

more soluble than the other phases and will not become solubility limiting. 

Eu(OH)3 is significantly less soluble than the other Eu phases. Eu(OH)3 solubility 
decreases sharply from pH 10 to pH 12, in the pH region expected for the 

aqueous speciation change from Eu(C03)2 or EuCO3+ to Eu(OH)30- 

When the Na and TIC concentrations are reduced to 1 mM (Figure 4.15), 

NaEu(C03)2 will not form as a solubility limiting phase. Eu2(CO3)3 solubility 
follows a similar profile to Nd2(CO3)3 (Figure 4.13), of a solubility minimum at 

pH 7, then an increase in Eu solubility until intersecting the EuCO3OH solubility 

profile. Between pH 10 and 10.5, EuCO3OH is the solubility limiting phase 

within a narrow pH region, confirming the narrow stability field indicated in 

Figure 4.6, which appears to be almost a triple point. Eu(OH)3 then becomes the 

solubility limiting phase pH 10.5. The Eu solubility decreases to a minimum at 

pH 11.5, and is then unaffected by increasing the solution pH. 
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Figure 4.12 The solubility of various Nd solid phases in 
[Na] = 50mM and [TIC] = 50mM at 298.15K and I atm pressure 
(This work, Lee & Byrne 1992 & 1993) Nd'(C03)3 
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Figure 4.13 The solubility of various Nd solid phases in 

[Na] = lmM and [TIC] = 1mM at 298.15K and I atm pressure 
(This work, Lee & Byrne 1992 & 1993) 
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Figure 4.14 The solubility of various Eu solid phases in 
[Na] = 50mM and [TIC] = 50mM at 298.15K and I atm pressure 
(This work, Lee & Byrne 1992 & 1993) 
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Figure 4.15 The solubility of various Eu solid phases in 

[Na] = ImM and [TIC] = 1mM at 298.15K and I atm pressure 
(This work, Lee & Byrne 1992 & 1993) 
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4.7.5 The effects of aqueous speciation on solubility 

A series of cross-sections over the pH vs [TIC] contoured stability field diagram 

(Figure 4.11) indicates that the solubility minimum will vary in total aqueous 
lanthanide concentration, pH and [TIC]. The interactions between the solid 

phase and the predicted aqueous composition, even when a phase is not solubility 
limiting, will explain why each phase is only solubility limiting under specific 
bulk solution compositions. Each of the aqueous lanthanide species can be 

plotted on a lanthanide versus pH diagram in a similar manner to the total 

lanthanide versus pH diagrams in Section 4.7.4. The aqueous speciation will be 

shown for a single solid phase per diagram for clarity. 

The contoured solubility diagram (Figure 4.11) and the [Nd], o1 vs pH plots 

(Figure 4.13 and 4.14) indicate that there is not a simple relationship between the 

lanthanide concentration and the bulk solution composition. For example, the 

solubility of Nd, in equilibrium with a NdCO3OH solid phase would be expected 

to have an inverse relationship with the carbonate activity at constant pH from the 

solubility reaction (equation 4.83) i. e. as carbonate increases, Nd3+ should 

decrease. 

LnCO3OH = Ln3+ + C032" + OH' (4.83) 

Increasing the TIC activity actually increases the lanthanide solubility (Figure 

4.16), and NdC030H is less soluble in 0.1mM TIC than in 100mM TIC as 

shown in the contoured solubility diagram (Figure 4.11) 

From pH 5 to 7 there is a sharp decrease in NdCO3OH solubility with increasing 

pH. At high [TIC] the solubility of NdCO3OH is independent of pH between pH 

7 and 10, this region extends with an increasing [TIC]. Above pH 10 there is a 

sharp reduction in NdCO3OH solubility to a minimum at pH 12, followed by a 

sharp increase in NdCO3OH solubility. In lower [TIC] solutions, NdCO3OH 

solubility continues to decrease with increasing pH, to a minimum at pH 9 to 10. 

Above pH 10 there is then a sharp increase in NdCO3OH solubility. The 

solubility minimum is significantly lower in low [TIC] solutions than high [TIC] 

solutions. 
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Figure 4.16 The solubility of NdCO3OH in carbonate solution 
at 298.15K and I atm pressure, (this work, Lee & Byrne 1992 and 1993) 
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When NdCO3OH becomes the solubility limiting phase there is initially almost a 

constant Nd solubility with increasing pH then a sharp drop in Nd solubility 

(shown in Figure 4.16 and the 10"7M Nd contour in Figure 4.11 contoured 

solubility diagram). The increase in Nd solubility, from the effects of the 

Nd(C03)2- complex, are countered by the increasing OH- in solution to give a 

constant aqueous [Nd]totai with increasing pH. 

The dominant aqueous phase between pH 7 and 11 is Nd(CO; )2 therefore the 

equilibrium formed as C032" increases (equation 4.84) 

NdCO3OH + C032- = Nd(CO3)2- + OH- (4.84) 

The solubility of NdCO3OH decreases to a minimum at pH 12 (Figure 4.17) as 

the proportion of Nd(OH)3° (aq) increases in solution and Nd(C03)2-(aq) 

decreases. NdCO3OH solubility increases above pH 12 when aqueous and solid 

hydroxy phases control lanthanide solubility and Nd(OH)3(s) becomes the 

solubility-limiting phase. 

The solubility of NdCO3OH in 0.1M NaHCO3 solutions (Figure 4.18) does not 

plateau as severely as in higher carbonate solutions as Nd(C03)2 has a limited 
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effect on the aqueous speciation, however the minimum solubility occurs in the 

small area when Nd(C03)2- is the dominant aqueous species. 

Figure 4.17 NdCO; OH solubility and aqueous species concentrations 
in [TIC] = 50mM at 298.15K and 1 atm pressure (this work, Lee & Byrne 1992/3) 
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Figure 4.18 NdCO3OH solubility and aqueous species concentrations in 

in [TIC] = 0.1mM at 298.15K and I arin pressure (this work, Lee & Byrne 1992/3) 
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In Na+ free systems, where NaNd(C03)2 will not form, NdCO3OH is in 

equilibrium with Nd3+(aq) at low pH, i. e. below pH 6, Figures 4.17 and 4.18). 
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An increase in the carbonate activity or pH of the solution will decrease the 

solubility of NdCO3OH, (equation 4.85) 

NdCO3OH(s) ' Nd3+(aq) + CO32 (aq) + OH"(aq) (4.85) 

As the pH of the solution increases further aqueous lanthanide carbonate species 
become dominant, however when NdCO3+ is the dominant aqueous species, the 

solubility of NdCO3OH will still decrease with increasing pH (equation 4.86) 

NdCO3OH(s) ) LnCO3+(aq) + OH'(aq) (4.86) 

When Nd(C03)2 becomes the dominant aqueous species, then an increase in 

C032" activity actually increases the solubility of NdCO3OH (equation 4.87) 

NdC030H(s) + C032 (aq) ) Nd(C03)2(aq) + OH"(aq) (4.87) 

The solubility of NdCO3OH appears to be constant as pH increases (Figure 4.17) 

when Nd(C03)2' is the only significant aqueous species, as any expected decrease 

in the NdCO3OH solubility is offset by the increasing CO32-(aq) activity (at 

constant [TIC]totai) as pH increases. Below 104M TIC, Nd(C03)2 is not the only 

significant aqueous lanthanide species, therefore this plateau effect is eliminated 

(Figure 4.18) and the NdCO3OH solubility continues to fall to a minimum. 

The solubility of NdCO3OH in high [TIC] solutions will only decrease from this 

plateau, when the proportion of Nd(C03)2- in solution decreases at high pH. A 

minimum NdC030H solubility then occurs at the aqueous phase equilibrium 

between Nd(OH)3 (aq) and Nd(C03)2-. A further increase in pH when 

Nd(OH)3°(aq) is the only significant aqueous lanthanide species, will decrease 

the solubility of NdCO3OH (equation 4.88). 

NdCO3OH(aq) + 20H' > Nd(OH)30(aq) + C032"(aq) (4.88) 

However increasing the C032" activity in this situation will also increase the 

amount of aqueous Ln(CO3)2 in solution and the solubility minimum is pushed to 

a higher pH. 
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In solutions where the C032" activity is too low to form even NdCO3' (below 

1x10-6M TIC), then NdOH2+ and Nd(OH)2+ will be the dominant lanthanide 

aqueous phases between pH 8 and 9.5. The solubility of NdCO3OH will increase 

slightly in this region above the minimum NdCO3OH solubility as CO32" is 

released into the solution, (equations 4.89 and 4.90) 

NdCO3OH(s) > NdOH2+(aq) + C032- (4.89) 
NdCO3OH(s) + OH" ) Nd(OH)2+(aq) + C032"(aq) (4.90) 

Increasing the pH when the Nd(OH)2+ species is dominant, will increase the 

solubility of NdCO3OH. The minimum NdCO3OH solubility will therefore be 

close to the equilibrium transition between the aqueous NdCO3+ and NdOH2+ 

phases. 

At high pH and at all carbonate concentrations, NdCO3OH is highly soluble, and 

Nd(OH)3(s) becomes the solubility limiting phase. Above pH 12 Nd(OH)3(aq) is 

the only significant aqueous phase, the total aqueous Nd will be independent of 

pH (equation 4.91) and depend on the reaction constant between these two phase. 

Nd(OH)3(s) > Nd(OH)3(aq) (4.91) 

Nd(OH)3 solubility will increase significantly as pH is reduced and Nd(OH)30(aq) 

is no longer the dominant aqueous species, either from the equilibrium with the 

aqueous carbonate species LnCO3+and Ln(C03)2 or with the aqueous hydroxy 

species Nd(OH)2+(equations 4.92 to 4.94) 

Nd(OH)3(s) + 2C032' > Nd(C03)2 (aq) + 30H'(aq) (4.92) 
Nd(OH)3(s) + C032' > NdC03+(aq) + 30H-(aq) (4.93) 
Nd(OH)3(s) ) Nd(OH)2+(aq) + OH"(aq) (4.94) 

When Nd(OH)3(s) is in equilibrium with Nd(C03)2 (aq) there is an abrupt increase 

in solubility over a small pH range (Appendix 4.16 and Figure 4.12). The 

increase in Nd(OH)3 solubility as pH decreases is more gradual in lower [TIC] 

solutions, when either LnCO3+ or Ln(OH)2+ are the dominant aqueous phases. 

Therefore Nd(OH)3(s) will only be the solubility limiting phase from pH 10 in 

solutions above 10-6M TIC. 
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Nd2(CO3)3 solubility which initially follows a pattern of increasing the aqueous 

carbonate concentration, will decrease Nd solubility. A pH transverse across a 

pH vs [Ln]totai plot at constant TIC shows Nd2(CO3)3 solubility decreases as pH 

increases, when in equilibrium with Nd3+(equation 4.95) to a minimum when in 

equilibrium with LnCO3+(equation 4.96), due to the relative increase in aqueous 

C032- in the solution at constant [TIC]. The total Nd solubility then increases 

slightly when Nd(C03)2 (equation 4.97)is the dominant aqueous species 

(Appendix 4.16). The increase in Nd solubility is not immediately apparent on the 

contoured solubility diagram (Figure 4.11). 

Nd2(CO3)3(s) ) 2Nd3+(aq) + 3CO32-(aq) (4.95) 
Nd2(C03)3(s) ) 2NdCO3+(aq) + C032"(aq) (4.96) 
Nd2(CO3)3(s) + C032-(aq) > 2Nd(CO3)2-(aq) (4.97) 

When the increase in Nd2(C03)3 solubility intersects with the decrease in 

NdCO3OH solubility, then the solubility limiting phase will change. However 

even below pH 6, at extremely low carbonate concentrations (e. g. below 10"6M 

TIC), Nd2(CO3)3 will alter to NdCO3OH, but only in equilibrium with extremely 

high total lanthanide activities. 

NaNd(CO3)2 solubility (Appendix 4.18) decreases to a minimum between pH 7 

and II with the formation of aqueous Ln(C03)2 from the relationship (equation 

4.98) 

NaLn(C03)2 = Ln(C03)2 + Na+ (4.98) 

NaLn(C03)2 solubility increases sharply at the high and low ends of the pH scale. 

Below pH 6 when NdCO3+ is the dominant aqueous phase and C032- activity 

decreases in solution, or at high pH when Nd(OH)3 becomes the dominant 

aqueous species above pH 11. If the Na+ activity is also increased, then the 

NaNd(C03)2 stability field will expand to lower TIC activities between pH 7 and 

11, and the minimum Nd solubility in equilibrium will decrease. There will 

however be a similar sharp increase in the total Nd solubility across the aqueous 

phase boundaries, as seen at each of the pH extremes. 
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4.8 Ce Stability field diagrams 

Cerium solubility is controlled by three factors, the carbonate activity, pH and pe 

in solution. The Na+ activity is not a controlling factor. Ce2(CO3)3 forms below 

pH 7, but then any Ce hydroxy phases which may form oxidise immediately to 

Ce02 above pH 9 in mildly oxidising conditions. The direct oxidation to CeO2 

even in 0.1M Na+ and TIC solutions suggests that the cerium double carbonate 

will not form in any natural solutions, which typically have carbonate and 

sodium concentrations below 10mM. NaCe(C03)2 has been considered however 

it will only form at TIC concentrations above the level shown in the following 

diagrams, and therefore is not considered in the following stability field 

diagrams. 

The standard form to present a stability field diagram, which includes a redox 

reaction is by a pH vs pe diagram. A pH vs pe stability field diagram for Ce in a 

carbonate solution (Figure 4.19), indicates that Ce2(CO3)3 will form at a lower pe 

than Ce02 (at constant pH). As the pH of a solution increases, the pe required to 

oxidise Ce2(CO3)3 to CeO2 decreases. Increasing the carbonate activity of the 

solution has the opposite effect of increasing the pH or the pe required for the 

phase change. 

The Ce stability field diagrams can also be presented on a typical pH vs [C032'] 

stability field diagram (Figure 4.20), then plotting the stability field over a pe 

range. The Ce2(CO3)3-CeO2 stability fields in a pH vs log[CO32"] diagram 

indicates there is a linear stability field boundary between the two phases, 

indicating that an increase in pH is required to convert Ce2(CO3)3 to CeO2. The 

CeO2 stability field will also increase with an increasing pe, i. e. as the solution 

becomes more oxidising. 

If the 1og[C032-] is converted to log[TIC], (section 4.7.2), Ce2(CO3)3 will be the 

stable phase above 10"9M TIC (Figure 4.21), at pH 5 (even in solutions at pe 5). 

The oxidation of Ce3+ to Ce4+ will occur above pH 9 in 10"6M TIC at pe 0. 
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Figure 4.19 Stability field diagram for the Ce-pH-pe system 

at various TIC concentrations, 298.15K and 1 atm pressure 
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Figure 4.21 Stability field diagram for the Ce-TIC-OH system at varied pe 
at 298.15K and 1 atm pressure 
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A pH vs log[Ce]to,,, i plot for Ce2(CO3)3 and CeO2 (Figures 4.22 and 4.23), 

indicates that Ce2(CO3)3 will be the solubility limiting phase at low pH. In 1mM 

and 50mM TIC solutions, Ce2(CO3)3 has a similar solubility with a solubility 

minimum of approximately [Ce]total 10-8M at pH 6.5 to 7. The Ce2(CO3)3 

solubility is at least an order of magnitude lower than the equivalent Nd and Eu 

solubility minima's. Ce2(CO3)3 solubility increases slightly above pH 7. 

Ce02 solubility is dependent on the pe of the solution. An increase in the solution 

pe from pe 0 to 5, will decrease the pH of the solid phase transition from pH 11.5 

to 9.5. Baes & Mesmer (1986) have proposed a solubility of Ce(OH)z (from free- 

energy calculations and interpolations) of log K 19.9, assuming the oxidation 

from Ce3+ to Ce4+. If the pe of the solution is reduced to below pe 0, then 

Ce(OH)3 could become the solubility limiting phase above pH 11.5. The 

minimum solubility of CeO2 (in solutions above pe 0) is considerably less than 

Nd(OH)3 or Eu(OH)3 and continues to decrease as pH increases. 

NaCe(CO3)2 is significantly more soluble than Ce2(CO3)3 and CeO2 in a 50mM 

Na and TIC solution, and therefore will not become the solubility limiting phase, 

unless the Na+ and TIC activities are significantly increased. 
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Figure 4.22 The solubility of various Ce phases in [Na] = 50mM, [TIC] = 50mM 

at 298.15K and 1 atm pressure 
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Figure 4.23 The solubility of various Ce phases in [Na] = 50mM, [TIC] = 50mM 

at 298.15K and 1 atm pressure 

10'z * *+: 

10-4 

106 +% +% ++ý 

10-8 \ 
M Phase IogKsp 
N 10 -+- Ce2(CO3)3 -36.04 + 

U 10 IogK 

-+- Ce(OH)j 19.9 
1012 -+-Ce02 pe 5 30.66 

-x- CeO2 pe 0 30.66 +`+. 

10'" -- Ce02 pe -5 30.66 +' 

1016 
456789 10 11 12 13 14 

pH 

191 



The Ce2(CO3)3 solubility minima occurs in the same pH region as the Nd2(CO3)3 

solubility minima i. e. when in equilibrium with CeCO3+ (Figure 4.24, equation 

4.99). As the activity of C032- increases steadily with pH at a constant TIC 

concentration (Figure 4.4), the dominant aqueous CeCO3+ species converts to 

Ce(C03)2 , which becomes dominant above pH 7. The increase in Ce2(CO3)3 

solubility as pH increases above pH 7 is due to the formation of the aqueous 

cerium dicarbonate, Ce(C03)2 species (equation 4.100). 

Ce2(CO3)3(s) > 2CeCO3+(aq) + C032'(aq) (4.99) 

Ce2(C03)3 + C032- > 2Ce(C03)2 (aq) (4.100) 

The CeO2 solubility profile is similar to that of Nd(OH)3 when in equilibrium 

with aqueous Ce carbonate species. There is a sharp decrease in solubility the 

aqueous phase change from Ce(C03)i to Ce(OH)3° (Figure 4.25) with increasing 

pH. When Ce(OH)30(aq) becomes the dominant aqueous phase, there is still a 

decrease in solubility with pH (equation 4.101), but at a slower rate of change 

than when in equilibrium with Ce(C03)2". Ce4+ does not appear to be a significant 

aqueous species even at high pH. 

Ce02(s) + e' + 2H20 = Ce(OH)30(aq) + OH'(aq) (4.101) 
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Figure 4.25 Ce2(CO1)3 (log Ksp -36.04) solubility and aqueous speciation 
in 10mM NaHCO3 (this work, Lee & Byrne 1992/3) 
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Figure 4.26 CeO2 (log K 30.66) solubility and aqueous speciation in 

1mM NaHCO3 (this work, Lee & Byrne 1992/30 
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4.9 Discussion 

4.9.1 Summary of the stability field diagrams 

The Stability field diagrams prepared from the OGf °calculations indicate the 

solubility limiting phases over the main controlling components in solution (i. e. 

carbonate activity and pH), and can predict lanthanide solubility assuming ideal 

solutions. Other ions can only be added at specific activities. PHREEQC was 

used to predict the effects of aqueous ion interactions and to predict the solubility 

of each phase in non-ideal and complex solutions, but is restricted to calculations 

at specific solution conditions, rather than the variations possible from changing 

environments. The aqueous speciation predicted from PHREEQC does indicate 

that within phase boundaries a single aqueous species is dominant which can give 

a reliable indication of the lanthanide solubility (Figure 4.11). The solubility of 

the lanthanides are controlled by the interactions between each of the possible 

aqueous species and the solid phases. 

The Nd and Eu stability field diagrams indicate that there are three phases, 

Ln2(CO3)3, LnCO3OH and Ln(OH)3, that form a series of solubility limiting 

phases, dependent on the pH and carbonate activity of the system. These three 

phases are all acid soluble, with a sharp solubility edge below pH 8. An increase 

in the carbonate activity of the system, initially decreases the lanthanide 

solubility until Ln(C03)2 becomes the dominant aqueous lanthanide species. The 

solubility of the solid Ln2(CO3)3, LnCO3OH and Ln(OH)3 phases all increase 

when in equilibrium with aqueous Ln(C03)2 , (Table 4.19). 

A neodymium solubility minimum forms within the pH range pH 9 and 10.5 and 

total carbonate concentrations between 5x10"6M and 5x104M. A similar 

EuCO3OH solubility minimum does not occur as EuCO3OH has a narrow stability 

field. The minimum Eu solubility therefore occurs when Eu(OH)3(s) is in 

equilibrium with Eu(OH)3(aq). i 
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Table 4.19 Solid phase reactions with Ln(C03)2 

Ln2(CO3)3(s) + CO32 (a 
LnCO3OH(s) +C03 2- (aq) 
Ln(OH)3(3) + 2CO32 (ea) 
NaLn(CO3)2(s) 

= 2Ln(C03)2 (aq) (4.97) 

= Ln(C03)2 (eq) + OH'(aq) (4.87) 

= Ln(C03)2 (eq) + 30H'(aq (4.92) 

= Ln(C03)2 (aq)+ Na+(ay) (4.98) 

The NaLn(C03)2 phase intersects each of the three phases, Ln2(C03)3, 

LnC030H and Ln(OH)3 at high TIC activities if sufficient Na is present in 

solution. When NaLn(C03)2 is in equilibrium with Ln(C03)2 the lanthanide 

solubility is independent of the carbonate activity and pH, even though this 

species is dependent on both of these factors. NaLn(C03)2 solubility increases 

sharply when aqueous Ln(C03)2 is converted to any other phases. 

Ce2(C03)3 has a lower solubility than the other lanthanides examined. Cerium 

cannot completely be part of a regular member of the group trend across the 

lanthanides, as many of the lanthanide hydroxy phases cannot easily be formed 

for Ce. There is a single phase change from Ce2(CO3)3 to CeO2, with a possible 

Ce(OH)4 intermediate as pH increases. The very low solubility of Ce2(C03)3 

inhibits the formation of NaCe(C03)2, within the intermediate pH range, which 

converts directly to CeO2, in solutions with less than 0.1M sodium. 

A reducing environment will affect the solubility of CeO2, possibly resulting in 

Ce(OH)3 and CeCO3OH as the solubility limiting phase. These Ce3+ phases 

would limit the solubility of Ce at high pH, to similar magnitudes as Nd and Eu, 

compared to a Ce02 precipitate. 

4.9.2 Comparisons between the stability field diagrams and titration 

experiments 

The reactions and phase changes identified in the Nd titration experiments 

(Chapter 3), can be explained by the stability field diagram (Figure 4.11). The 

contoured solubility diagrams indicate that as pH increases the free Nd3+ aquo- 
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ion changes to aqueous hydroxy phases at low carbonate activities, instead of 

precipitation. Nd(OH)3(s) would not precipitate from a 1mM Nd solution until 

pH was above pH - 7.8 in a carbonate free system, i. e. at the end of the titration 

buffer zone. Nd then precipitates until pH 9.4 when aqueous Nd(OH)3 is in 

equilibrium with solid Nd(OH)3. 

The stability field diagrams show that Nd2(CO3)3 would be the initial precipitate 

for titrations in carbonate activities above 10-6M TIC solutions. Precipitation 

would start by pH 6.5 with Nd2(CO3)3 as the initial precipitate at the start of the 

buffer zone. The initial K2C03 solutions have TIC concentrations of 

approximately 2x10-5M TIC when precipitation starts, therefore Nd2(CO3)3 

would be the initial precipitate. Alteration to NdCO3OH only occurs above pH 

8.5 in solutions with more than ImM TIC as found at the end of the K2C03 

titrations. NdCO3OH did not form the initial precipitating phase as the initial 

addition of NaHCO3 or K2C03, immediately increased the amount of carbonate 

in solution to the concentration required for Nd2(CO3)3 to become the equilibrium 

phase 

The initial precipitate for Na2CO3 titrations was Nd2(CO3)3, Nd rapidly 

precipitates to leave approximately 10-6M Nd in solution. The solid phase then 

alters to NaNd(CO3)2, dependant on a sufficient Na+ activity in solution. 

Nd(CO3)i is the dominant aqueous species from pH 8-11, which generally 

increases the lanthanide solubility within this pH range from the reactions shown 

in Table 4.19. NaNd(C03)2 is the only solid phase exception as the solid-aqueous 

equilibrium is dependant on the Na+ activity and not pH or C032 activity. 

4.9.3 Lanthanide double carbonates in experimental solutions 

NaNd(C03)2 has been excluded from many published studies as the pCO2(g) has 

been the dominant method of controlling carbonate activity at intermediate pH 

rather than NaHCO3. Consideration of Na+ phases were therefore not possible in 

Na free systems, however the introduction of NaCIO4 buffer solutions to regulate 

a constant ionic strength can have an effect on the reaction especially above pH 
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7. Rao et al., (1996a) suggest that NaNd(C03)2 will be an important phase for 

controlling Nd solubility in carbonate solutions above 0.5M Na', however this 

study has shown that NaNd(C03)2 will form as a solubility limiting phase in 

10mM Na+ and down to 3mM TIC solutions. 

One potential host rock for nuclear waste repositories are salt domes. If these are 

to be considered, then any groundwater flow would be saturated with NaCl. 

NaNd(CO3)2 could therefore be a solubility-limiting phase if there is also a source 

of C032 (e. g. from a concrete constructed repository). 

Hydrated KNd(C03)2 was prepared from an appropriate mixture of LnC13 

(10mM) and excess K2C03 (0.1M) solution. The XRD spectra of the resulting 

precipitate was similar to the NaNd(CO3)2.6H20 spectra (JCPDS file 30-1223), 

however there was no Na+ in the system and elemental analysis indicated a 1: 1 

K+/Nd3+ ratio in the solid phase. It was not possible to isolate a pure KEu(C03)2 

phase, Only mixed EuCO3OH-KEu(CO3)2 phases with a 3: 1 Eu/K ratio could be 

isolated. Higher K+ and C032- activities (above 0.2M K2C03) are therefore 

required to form pure KEu(CO3)2. Na+ free 0.2M K2C03 solutions are unlikely to 

form even in artificial groundwater conditions and therefore KLn(C03)2 would 

not control lanthanide solubility in any environment. However K+ cannot easily 

be used in buffer solutions, as an alternative to Na+, to regulate the ionic strength 

as potassium lanthanide double carbonates may form. 

4.9.4 Solubility product calculations 

The narrow stability field of the EuCO3OH phase indicates the difficulty in 

forming EuCO3OH from the addition of NaHCO3 and K2CO3 solutions. The 

amorphous phase usually formed in attempted EuCO3OH precipitation 

experiments indicates that EuCO3OH and Eu(OH)3 do not form as mixed phases 

at or near the equilibrium point. 

A commonly used alternative method for regulating the carbonate content of the 

solution is by precisely controlling the PCO2(g) in an otherwise inert atmosphere 
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(Runde et al., 1992). The addition of excess K2C03 to a EuC13 solution so that 

the precise C032" activity is present in solution at a pH too low for the 

precipitation of Eu(OH)3, and carbonate activity high enough to form Eu2(CO3)3 

was difficult to obtain. If the carbonate was added as pCO2(g), then the carbonate 

activity required to form EuCO3OH may be easier to identify, however if Na+ 

solutions were not used in the original preparations, then the double carbonates 

NaEu(C03)2, NaNd(C03)2 and KNd(C03)2 phases would not have been 

identified. 

The solubility products determined in this study are dependent on the database 

used to calculate the activities of the component ions (which will be discussed 

further in Chapter 7). Differences in the aqueous speciation constants may 

account for the slight differences in the range of solubility products of the 

carbonate phases (Table 4.7) between studies. There is however, a significant 

difference in the solubility products of the hydroxide phases, determined here and 

in other studies, which range for Nd(OH)3 from log Ksp -21 to -27. The initial 

hydroxide phase precipitates as an amorphous phase, which then crystallises 

slowly at ambient temperatures in less than 0.1 M solutions. The lowest 

solubilities can only be obtained by ageing the precipitates at high temperatures 

and concentrated NaOH (above 3M) solutions. These conditions are unlikely to 

form outside a laboratory experiment, therefore the lowest proposed Ln(OH)3 

solubility products are unlikely to occur. 
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Chapter 5 

The Alteration of 

NaLn(C03)2.6H20 

from dehydration during the 

drying process 
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5.1 Introduction 

The actinide elements are powerful X-ray emitters therefore their solid phases are 

often difficult to characterise from standard techniques such as X-ray Diffraction. 

The lanthanide elements especially Nd and Eu have almost identical ionic radii 

(98.3pm and 95.7pm respectively) to the actinide elements Am and Cm (97.5pm 

and 97pm respectively) in the M3+ oxidation state, resulting in the use of 

lanthanides as non-radioactive analogues for the characterisation of Am and Cm. 

Three phases are usually considered to control solubility in the americium 

carbonate system across the pH range 6-13. The carbonate phase Am2(CO3)3 

alters to the hydroxycarbonate (AmCO3OH) then the hydroxide, Am(OH)3, with 

increasing pH or decreasing carbonate activity (Vitorge, 1992). The solubility 

product of each of these phases is normally determined in two stages, firstly the 

preparation of each carbonate and hydroxy phase for Am, Nd and Eu followed by 

solution analysis for all three metals followed by the solid phase characterisation 

of Nd and Eu, but not Am. The Am solid phase is then assumed to be the same 

as the Nd and Eu phases (Runde et al., 1992). 

The solutions used to determine the solubility product of each of these phases can 

contain NaHCO3 or Na2CO3 to control the carbonate activity or NaC1O4 as a 

buffer to maintain a constant ionic strength in solution. The presence of Na+ ions 

in solution can promote the formation of a fourth phase, namely a sodium 

lanthanide double-carbonate (This study, Chapter 4, Rao et al., 1996). This 

phase has previously not been considered for Am. 

The sodium lanthanide double-carbonate, NaLn(C03)2.6H20, where Ln = any 

lanthanide element, differs significantly from the other lanthanide carbonates and 

hydroxy phases in that during the drying process the double carbonate 

decomposes. The Ln2(CO3)3. xH2O, LnCO3OH and Ln(OH)3 are all stable when 

dried in the usual way, namely drying in a vacuum dessicator or oven drying at 

60°C; oven drying of Ln2(CO3)3.8H20 at 100°C-120°C does cause dehydration, 

but not decomposition. Previously Mochizuki et al., (1974) have noted that even 

the mildest condition such as exposure to dry air was sufficient to alter the crystal 

202 



structure of a series of lanthanide (La to Dy) double carbonates, although the 

alteration products were not identified. Dehydrated NaLn(C03)2 and KLn(C03)2 

have been prepared but the dehydrated crystal structure was only isolated at high 

CO2 pressures (above 3000bars) Scheer and Seidel (1981), although their infra- 

red patterns are similar to those found as the alteration product in this study. 

A series of experiments have been performed to determine the effects of varied 
drying conditions with time on the stability of NaLn(C03)2.6H20 (Ln = Nd or 
Eu), and then characterise the alteration products. The drying conditions ranged 
from oven drying to storage in a water saturated atmosphere. 

5.2 Experimental 

A sample of NaNd(C03)2.6H20 was prepared by adding NdCl3 (0.2M, 10cm3) to 

Na2CO3 (50cm3,0.2M) and diluting to 200cm3 with distilled water. The solution 

was left for at least 2 months at 25°C in Nalgene HDPE bottles to ensure 

crystalline NaNd(C03)2.6H20 formed. 

A freshly prepared sample of crystalline NaLn(C03)2.6H20, where Ln = Nd or 

Eu, was filtered under vacuum using a Whatman N°4 sintered glass crucible, 

then washed with 50cm3 of distilled water through the sintered glass crucible. 

The NaLn(C03)2.6H20 sample was analysed immediately by FTIR and XRD 

spectroscopy, using minimum sample preparation and also by elemental analysis. 

It was then divided into four samples to examine the effects of various drying 

conditions: 

1. oven drying at 120°C 

2. drying in a vacuum dessicator over silica gel 

3. air drying under an open atmosphere 

4. storage in a water saturated atmosphere 

The water saturated atmosphere was formed by placing an upturned 50cm3 beaker 

inside a larger 250cm3 beaker that was partly filled with distilled water. The 

water level was kept no more than half-way up the 50cm3 beaker. A sample of 
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NaLn(C03)2.6H20 (0.05g) was placed on a silica plate (used for XRD sample 

mountings) ontop of the 50cm3 beaker. The 250cm3 beaker was covered with 

parafilm so any evaporating water formed a moist atmosphere within the beaker 

at room temperature(- 20°C). 

All samples were analysed daily by FTIR and XRD spectroscopy for the initial 

three weeks, then weekly until the end of the study (20 weeks), to identify any 

phase transformations. 

5.3 Characterisation of the altered samples 

The freshly prepared sample of NaLn(C03)2.6H20 was characterised by 

elemental analysis to give a Ln3+/Na+ ratio between 0.9 and 1.1 and the XRD 

pattern was in agreement with the original preparation by Mochizuki et al., (1974) 

(Figure 5.1, Table 5.1) to be the sodium double carbonate and not the 

Nd2(CO3)3.8H20 structure. No reference pattern has been proposed for Eu but 

NaEu(C03)2.6H20 has an identical pattern to Nd but offset to a higher 20 between 

that of Sm and Gd. These lanthanide elements have larger and smaller ionic radii 

respectively than Eu. 

The initial infrared spectrum indicates that a hydrated lanthanide carbonate is 

present but cannot differentiate the exact type of carbonate (Figure 5.2), although 

this can be used as a "fingerprint" for the hydrated NaLn(C03)2.6H20. 

The decomposition of NaLn(C03)2.6H20 was followed using FTIR and XRD 

analysis. The first stage in the alteration process can be detected from the infra- 

red spectrum. The characteristic V3 doublet of the lanthanide carbonates at 

approximately 1500cm'1 and 1400cm 1 alters to a triplet (Table 5.1 and Figure 

5.3) 

204 



Figure 5.1 Comparison of the powder XRD patterns of NaNd(CO; )2.6H20 

and Ndz(CO3)3.8H20 
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Table 5.1 XRD peaks of the initial NaNd(CO3)2.6H20 and NaEu(C03)2.6H20 

samples 

NaNd(CO3)2.6H2O Nd sample Eu sample 

d(A) 20 d(A) 20 d(A) 

13.30 6.370 13.864 6.500 13.587 

6.610 13.055 6.776 13.250 6.677 

4.370 20.250 4.382 20.090 4.416 

3.280 26.876 3.315 27.010 3.299 

2.620 33.895 2.643 34.035 2.632 

2.180 41.045 2.197 41.185 2.190 

1.870 48.910 1.861 48.490 1.876 

'JCPDS reference pattern after Mochizuki et al., (1974) 
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Figure 5.2 FTIR spectrum of freshly prepared NaNd(CO3)2.6H20 
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Figure 5.3 FTIR spectrum of the intermediate and end product 
from the alteration of NaNd(CO3)2.6H20 
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The FTIR spectra of the altered product cannot be unambiguously assigned as the 

V3 doublet characteristic of lanthanide carbonates phases NaLn(C03)2.6H20, 

Nd2(C03)3. xH2O or Na2CO3 (Table 5.2), but indicates a mixture was present. A 

V3 triplet has been reported by Scheweer and Seidel (1981) for the dehydrated 

NaLn(C03)2 formed under a pCO2, c, ) atmosphere of 3Kbar. All the C032- singlet 

and doublet stretches are each further split into doublets, indicating that there are 

at least two carbonate phases present. The presence of the v3 triplet immediately 

indicates that the onset of alteration has occurred from NaNd(C03)2.6H20. 

Table 5.2 Comparison of lanthanide-carbonate infra-red stretches (cm-1) 

Stretch 'Nd dried 'NaNd(C03)2 2Nd2(C03)3 Na2C03 
product . 6H20 

. 8H20 
(starting material) 

V1 1060.3 1072 1088 

V2 857.1 875/850 848 878.9 

V3 1458.3 1477 1491 1438.7 
1404.1 
1351.8 1374 1377 

V4 760.8 763 750 702.1 
672.2 653 680 

I This work, 'Runde et al., (1992), 'Nakamoto (1986) 

As a result of alteration there is a decrease in the relative X-ray background signal 

between the freshly prepared and altered samples due to the severe reduction in 

the XRD peak height (Figure 5.4) from the loss in crystallinity. However the 

intermediate alteration product (Figure 5.5) can be clearly seen with peaks 

characteristic to both NaLn(C03)2.6H20 and Nd2(C03)3.8H20 (Table 5.3). The 

decomposition in all cases was marked by the formation of a peak at 20 -10° 

characteristic of Nd2(CO3)3.8H20 (Appendix 5.1), and a reduction in all the XRD 

peaks which was most severe for the air-dried samples, (Figure 5.4 shows that 

the maximum peak height of 24,000 counts per second was reduced to 500 counts 

per second). 
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Table 5.3 JCPDS XRD Reference patterns and the intermediate alteration 

product 

Solid Phase 'Intermediate 
Mixed Phase 

NaNd(C03)2. 
6H20 

Nd2(CO3)3. 
8H20 

Nd2(C03)3. 
8H20 

Ref Pattern 30-1223 29-918 31-877 

d spacing (A) 12.2593 13.30 

8.461 8.410 8.590 

6.593 6.610 

4.705 4.710 4.750 

4.631 4.430 4.480 

4.366 4.370 

4.311 4.250 

4.193 4.150 4.130 

3.920 3.950 

3.913 3.880 

3.845 3.830 

3.278 3.280 3.230 3.240 

3.016 3.020 3.020 

2.985 2.979 

2.586 2.620 2.565 

2.220 2.180 

2.165 2.055 

1.870 
1.374 

'Figure 5.4 
2JCPDS Reference pattern 
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Figure 5.4 Initial and intermediate alteration XRD patterns 
of the air dried dehydration of NaNd(CO3)2.6H20 
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Figure 5.5 XRD pattern showing the intermediate alteration stage from 
NaNd(C03)2.6HZO to Nd2(C03)1.8H20 shown in Figure 5.4 
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The final stage in the alteration was the complete disappearance of all peaks from 

NaLn(C03)2.6H20, leaving peaks characteristic of either Ln2(CO3)3.8H20 for 

dessicator dried samples (Figure 5.6) and air dried samples(Figure 5.5), or 

Ln2(CO3)3 from the oven dried samples. The Nd2(C03)3.8H20 XRD spectra is 

more complex than that of NaNd(C03)2.6H20 but because the alteration product 

was not often as crystalline as the original samples it consequently had smaller 

XRD peaks reflecting the slow crystal growth of solid-phase alteration. The FTIR 

spectrum remains unchanged from the intermediate spectrum dominated by a 

triplet V3 stretch. 

There was no evidence of any sodium carbonate in the altered phases from the 

XRD analysis, however if these are amorphous then no evidence would be 

present as XRD analysis depends upon X-ray diffraction from crystal planes. 

5.4 Alteration rate 

The four drying conditions have a significant effect upon the solid phase stability 

of NaNd(C03)2.6H20 and NaEu(C03)2.6H20 (Table 5.4, Appendix 5.1). The 

oven dried samples can be clearly be seen to have altered immediately (in less 

than 5 minutes) to a dehydrated Nd2(C03)3 or Eu2(C03)3, from XRD analysis 

(Appendix 5.2 and 5.3). The XRD analysis of the dehydrated product did not 

indicate a crystalline sodium phase was present. 

The rate at which the NaLn(C03)2.6H20 phase altered by dessicator drying was a 

slower process than oven drying. An intermediate altered phase showing 

characteristic XRD peaks for NaLn(C03)2.6H20 and Ln2(C03)3.8H20 could be 

seen after 24 hours, with complete alteration from NaLn(C03)2.6H20 after drying 

for 3 days (Figure 5.6). Figure 5.6 clearly shows the complete disappearance of 

the sodium neodymium double carbonate, which has decomposed to form 

crystalline Nd2(C03)3.8H20. The XRD analysis has indicated that the dried 

product was a single phase of hydrated crystalline Ln2(C03)3.8H20, with no 

apparent evidence of a sodium phase, unless elemental and FTIR analysis are 
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also used to indicate that other phases must be present. 

Figure 5.6 XRD pattern of the alteration of NaNd(C03)2 in a 
vaccuum dessicator over silica gel 
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Table 5.4 Summary of alteration rate by varied drying conditions 

Drying process Alteration time Comments 

Oven 120°C 5 minutes complete alteration to 

dehydrated Ln2(CO3)3 

Vacuum dessicator 

over silica gel 

3-4 days complete alteration 

Air drying 6-10 days initial alteration 

20 weeks mixed system 

Moist Environment 20 weeks no alteration 

Alteration under an atmosphere open to the air was a much slower process than 

oven drying or dessicator drying. Initial alteration products were apparent for Nd 

after 7 days and Eu after 10 days, indicated by infra-red analysis, and a mixture 

could be seen after 3 weeks. The mixtures stable for at least 20 weeks. 

NaLn(C03)2.6H20 crystals for Nd and Eu were stable under a water saturated 
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atmosphere for at least 20 weeks, with no apparent evidence of alteration. 

A comparison of the V3 stretches of the dehydrated oven dried samples and the 

hydrated air dried samples for Nd and Eu (Table 5.5), indicates that the same 

altered carbonate phase(s) were forming during the air drying and oven dried 

processes, though Eu alteration was slightly slower than for Nd 

Table 5.5 Comparison of the V3 (cm") stretch for the alteration of hydrated 

NaLn(C03)2 

Neodymium Europium 

initial ppt dried 6 
days (air) 

dried 10mins 
oven 120°C 

initial 
ppt 

dried 6 
days (air) 

dried 10 
days (air) 

dried 10 mins 
oven 120°C 

1476.6 1458.7 1457.6 1521.6 1521.3 1459.5 1460.1 

1373.5 1403.9 1404.5 1375.8 1376.0 1413.1 1412.3 

1356.0 1352.5 1355.7 1356.3 

5.5 calculation of the partial vapour pressure (pH2O) required for the solid 

state reaction during dehydration 

The water vapour partial pressure required for the equilibrium phase reaction 

between NaNd(C03)2.6H20 and Nd2(CO3)3.8H20 (equation 5.1) can be calculated 
in a similar manner as the equilibrium reactions in Chapter 4. 

The Gibbs free energy of reaction (AGR�°, equation 5.2) can be calculated for the 

equilibrium reaction (equation 5.1) using the Standard Gibbs free energy of 

formation for each phase (calculated in Appendix 5.4, using thermodynamic data 

from Table 4.30) 
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2NaNd(CO3)2.6H20(cr) = Nd2(CO3)3.8H20(cr) + Na2CO3(am) + 4H20(g) 
(log Ksp -21.39) (log Ksp -31.35) (5.1) 

OGH = OGf (Products) -'AGf (Reactants) (5.2) 

AGRn = [(-5001.56) + (-1051.6) + 4(-228.57)] - [2(-3533.58)] (5.3) 

= [-6967.44KJmol"'] - [-7067.16KJmol'] = 99.72KJmol-1 (5.4) 

and the reaction constant for equation 5.1, can then be calculated from equation 

5.5 

1nK= _R oT 
(5.5) 

1nK = -40.22 .. logK = -17.47 

however as log K can also be expressed in terms of partial vapour pressure then 

K= [pH2O]4 :. logK = 4log(pH2O) (5.6) 

log(pH20) = 
logK 

_ -17.47 47 
= -4.4 (5.7) 

Assuming NaLn(CO3)2.6H20 dehydrates to Nd2(C03)3.8H20 the water vapour 

partial vapour pressure required for the solid state equilibrium reaction is 

pH2O = 4.3x10"5 (from log(pH20) = -4.4 (5.8) 

The actual vapour pressure calculated will however depend on the relative 

stability of the actual solid phases used and an increase in Nd2(CO3)3.8H20 will 

increase the vapour required for the solid state reaction. Solid state reactions are 

slow compared to equilibrium between solid-aqueous systems therefore the 

vapour pressure required for the phase change was calculated from a relatively 

low value for the Nd2(C03)3.8H20, and would be expected as the initial 

crystalline Nd2(C03)3 form. 

5.6 Discussion 

Titration experiments (Chapter 3) have shown that Ln2(CO3)3. xH2O alters to 

LnCO3OH when in equilibrium in a sodium ion free aqueous carbonate system 

(i. e. with K2C03) from a solution above pH 9 which are stable upon drying. 
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Analysis of the dried product from the titrations containing sodium indicate that 

Ln2(CO3)3 was the apparent equilibrium phase, however, Ln2(C03)3 cannot be 

the equilibrium phase in a high pH (above pH 9) in a solution containing Na2CO3 

as the hydroxycarbonate forms as the equilibrium phase above pH 9. Alteration 

to the Ln2(C03)3. xH2O during the drying stages must have occurred from the 
initial NaLn(C03)2 which was formed as the equilibrium phase. 

Exposure to any drying processes causes the decomposition of 
NaLn(C03)2.6H20. Decomposition occurs by the growth of Nd2(C03)3.8H20 

with the removal of water from the crystalline structure NaNd(C03)2.6H20, i. e. a 

reduction in water content from 6: 1 to 4: 1of H2O/Ln3+. Na2CO3 is not usually 
formed as a hydrated phase and is probably the altered Na' phase. 

2NaNd(CO3)2.6H20(cr) ° Nds(c0s)3.8H2O(cr) + Na2CO3(am) + 4H20(g) DdP 

(5.1) 

Mochizuki et al., (1974) prepared hydrated NaNd(C03)2 in equilibrium with 

solutions at temperatures from 20°C to 80°C, therefore alteration must be a 

dehydration effect as the phase is thermally stable under aqueous conditions. 

Alteration of NaLn(C03)2.6H20 can only occur from the dehydration of a solid 

phase or changes in the bulk solution composition. 

Neodymium is often used as an analogue for the identification of solid americium 

phases. In general solubility experiments are carried out in duplicate for Nd, Eu 

and Am and solution data can be obtained for all three phases, but the solid is 

usually only characterised for Nd and Eu as americium decay products are 

hazardous (from X-ray and alpha particle emission), i. e. Runde et al., (1992). If 

Nd and Eu can alter from the initial NaLn(C03)2.6H20 phases then Am could 

reasonably be assumed to alter in a similar manner. Care must therefore be taken 

in the identification of solid equilibrium phases, preferably using freshly 

prepared samples before any drying processes can be initiated. However the 

identification of wet samples can be difficult as water peaks tend to occlude the 

infra red spectra, and XRD peaks may be severely reduced from the amorphous 

nature of excess water in a sample. 
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The identification of the correct phase is important when calculating the solubility 

product as the reaction constant depends upon the component ions in solution and 
their formula ratio; if Nd2(C03)3 is misidentified instead of NaNd(C03)2 then the 

solubility products (Ksp) calculated from the following reactions (equations 5.9 & 

5.10) and solubility determinations (equations 5.11 & 5.12) 

NaNd(C03)2 = Na+ + Nd3+ + 2CO32, (5.9) 

Nd2(C03)3 = 2Nd 3+ + 3CO32' (5.10) 

logKsp[NaNd(C03)2]=1ogaNa+ +IogaNd3+ +21ogaCo3_ (5.11) 

logKsp[Nd2(CO3)3]=21ogaNd3+ +31ogaC02- (5.12) 

where a is the species activity 

will clearly be different for each solid phase when calculated from the same 

solution composition. The Nd2(CO3)3 value will also be in error as the solution 

will not be in equilibrium with this phase. 

Determination of the solubility product of radioactive materials is important 

because this is used to determine their solubility and ultimately used to predict the 

amount and possible rate of transport from a nuclear waste repository. There is 

the possibility in misinterpreting the equilibrium phase as an estimation of the 

solubility limiting phase or as an indication to the possible solution composition 

in equilibrium with the solid phase if the hydrated NaLn(C03)2 has completely 

altered to hydrated Ln2(C03)3. The system can be further confused at the 

NaLn(C03)2-LnCO3OH phase boundary when the two phases are in equilibrium. 

Drying could (partially or completely) alter the NaLn(C03)2 to Ln2(CO3)3 

indicating either a NaLn(CO3)2-Ln2(CO3)3-LnCO3OH triple point or a Ln2(C03)3- 

LnCO30H equilibria under the sample conditions. 

In the moist environment the NaLn(C03)2.6H20 remained unaltered, therefore 

the phase will remain stable in the aqueous environment if precipitates from. If 

the precipitation environment dries to the extent that alteration occurs in a 

disposal regime then aqueous transport cannot occur without any fluid flow and 
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effectively trapping the lanthanide (or Americium analogue) crystals in the host 

matrix. 
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Chapter 6 

Lanthanide Solubility in Sulphate 

bearing Solutions 
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6.1 Introduction 

The aqueous chemistry of the lanthanide sulphate system was investigated to 

determine the effects of different sulphate activities over a pH range, and 

compare the results with those found in the carbonate and the carbonate free 

system. The sulphate ion (SO42-) is present in many natural solutions as the 

second most abundant anion to carbonate, and may form similar phases to those 

found in the carbonate system. The free sulphate ion (S04 2-) is dominant at lower 

pH than the free carbonate ion (C032"), therefore the S04 2- ion may be expected 

to have greater effects upon lanthanide phases formed at lower pH than the 

comparable carbonate phases. 

The sulphate system was examined following a method similar for that of the 

lanthanide carbonate system (Chapters 3 and 4). However it was not possible to 

use a sodium sulphate solution to increase the pH of the initial lanthanide chloride 

solutions during titrations. Therefore to study the Ln3+-SO42" system over a pH 

range, mixed solutions of sulphate and lanthanide were titrated against NaOH or 

KOH. 

A number of different lanthanide sulphate compounds have been previously 

reported. In 1960, double salts of NaLn(S04)xH2O were synthesised by 

Tulinova et al., (1960) and Zaitseva et al., (1964). A series of hydroxy sulphates 

have also been proposed by Margulis et al., (1970), with the formulae 

Ln2(OH)4SO4 and Ln(OH)SO4. These studies have focused on determining 

conditions for the synthesis and then characterising any compounds formed using 

XRD, IR, TGA and elemental analysis. To date no studies have been reported to 

determine the solubility products of the lanthanide sulphate phases. 

Solubility is dependant upon the Na+, OH', Ln3+ and S042" activities, therefore 

precipitates could form at an acidic to intermediate pH with H2S04 and Na2SO4 or 

high pH from OHIS042- solutions instead of the limited intermediate to high pH 

solutions found for the carbonate system; as C02(g) is evolved under acidic 
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conditions. A complete series of solid phase lanthanide sulphates are possible 
from low pH sulphates to high pH hydroxide (or carbonate) phases. 

6.2 Titrations of lanthanide chlorides in sodium sulphate solutions 

All solutions were prepared by dissolving an appropriate quantity of the reagent 

in distilled degassed water as shown in Table 6.1. The distilled water was 

degassed by boiling, then bubbling N2(g) through the water whilst cooling to 

remove any dissolved carbonate. 

Table 6.1 Chemicals and dilutions of the stock solutions used in the titrations and 

solubility determinations 

F. W. Dilution conc 
(gmol-') (M) 

CeC13.7H20 372.59 18.6295g 0.2M 
(99+%) in 250 cm3 

NdC13.6H20 358.69 17.9345g 0.2M 
(99.9%) in 250 cm3 

SmC13.6H20 364.80 18.240g 0.2M 
(99.9%) in 250 cm3 

EuC13.6H20 366.41 18.3205g 0.2M 
(99.9%) in 250 cm3 
NaOH 40.00 2.00g 0.1m 

(Analar) in 500 cm3 
KOH 56.11 2.8055g 0.1M 

(Analar) in 500 cm3 
Na2SO4 142.04 7.102g 0.1M 
(Analar) in 500 cm3 
K2S04 174.25 8.7125g 0.1M 

(Analar) in 500 cm3 
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6.2.1 Experimental 

Solutions of LnC13 (Scm3,0.2M), where Ln = Ce, Nd or Eu were mixed with 
different volumes of Na2SO4 (0.2M), to give starting solutions of different ratios 

of lanthanide to sulphate ions as indicated in Table 6.2. The solutions were then 

diluted to 160 cm3 with degassed distilled water. 

Table 6.2 Lanthanide-Sulphate starting solution ratios 

Solution 
number 

volume of 
Na2SO4 added 

mol ratio of 
Ln3+/SO 2 

1 S042-free 1: 0 

2 cM3 Na2SO4 1: 0.5 

3 5cm Na2SO4 1: 1 

4 25CM3 Na2SO4 1: 5 

5 50cm Na2SO4 1: 10 

6 IOOCM3 Na2SO4 1: 20 

.1 

The mixed Ln3/SO42, solution was placed in a 250cm3 three-necked round 

bottomed flask, which had previously been degassed with N2(g) to ensure an 

inert atmosphere. Nitrogen was continuously bubbled into the vessel through one 

side-neck to ensure a positive N2 atmosphere. A pH electrode was fitted securely 

to the second side-neck. A burette was placed in the centre neck. The solution 

was stirred with a magnetic stirrer. 

The mixed solution was titrated with a solution of NaOH (0.1M, 40cm3), which 

was added dropwise using a burette. After each addition, the solution was 

allowed to equilibrate, indicated by a stable pH reading. The pH value was then 

recorded prior to further addition. Each titration was repeated three times. 

At the end of the titration experiment, the contents of the flask were transferred 

to 250cm3 HDPE Nalgene bottles under an atmosphere of N2. The precipitate 

formed during the reaction was then filtered through a Whatman N°4 sintered 

glass crucible washed with water and then dried over silica gel in a vacuum 

dessicator. Additionally a set of precipitates from replicate titrations were 
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allowed to equilibrate in a waterbath (25°C) for at least 2 months to ensure the 

system had achieved equilibrium. The identity of the initial and equilibrated 

phases were compared by XRD, FTIR and elemental analysis. 

6.2.2 Titration Results 

There are no significant differences between the titration curves of each 

lanthanide (Ce, Nd or Eu) examined in the Na2SO4 bearing starting solutions. 

The results of a typical titration are shown in Figure 6.1. The starting solutions of 

Nd and Eu (lilac Nd and yellow tinge for Eu) are clear. For Ce, the solution is 

clear and colourless, but where a Na2SO4 concentration was present a slight 

precipitate was evident. Initial NaOH additions of 0.1cm3 show a rapid rise in pH 

from pH-4.3 to pH 7 occurs which stabilises in 5-10mins after each addition for 

the first 0.5cm3 of NaOH titrated. There was no further significant increase in pH 

with continued addition of a further 20cm3 of NaOH. 

After the initial rapid rise in pH, the pH stabilises rapidly (in 20-30 seconds) after 

each successive addition of NaOH, and a precipitate (white Ce and Eu, pale lilac 

for Nd) is formed. An initial precipitate can be seen after approximately 1.0cm3 

to 2.5cm3 of NaOH. The solution becomes increasingly opaque as precipitation 

increases. 

Precipitation continues until a 2: 1 OH': Ln3+ ratio is obtained (after approximately 

20cm3 of NaOH). The pH then rises sharply from pH 8.5 to pH 10 after 23cm3 of 

NaOH was added. The rate of pH increase then slows to 0.05 pH units per 5cm3 

of titre. The titration was stopped at 40m1 NaOH and pH 11.5 and a 4: 1 ratio of 

NaOH to LnC13 had been titrated, i. e. in excess of that expected for Ln(OH)3 

formation. 

The Nd and Eu precipitates did not show any obvious changes after the rise to 

pH 10, however Ce alters to a yellow precipitate. 
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Figure 6.1 Typical titration curve for EuC13 + xNa2SO4 with 4NaOH 
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For sulphate free titrations addition of sodium hydroxide titre caused an initial 

sharp increase in pH, followed by a stable pH without precipitation. Precipitation 

occured after 26cm3 of NaOH had added, the pH then increased sharply from pH 

7 to pH 12 with further precipitation. The pH of the sulphate and sulphate free 

solutions remained the same after the final sharp rise in pH. 

6.2.3 Characterisation of precipitates 

The initial and final precipitates formed at different pH conditions from the 

titration of the lanthanide ion in sulphate and sulphate free systems were isolated 

and characterised. The precipitate formed between pH 7-8.5 for the Nd and Eu 

sulphate containing systems were isolated and analysed. The solid phase formed 

from starting solutions containing up to 30mM Na2SO4 had a distinctive IR 

pattern with sharp hydroxy stretches and a distinct sulphate triplet (Figure 6.2). 

This indicates the presence of a lanthanide hydroxy sulphate phase, which was 

confirmed as Ln2(OH)4SO4 by powder XRD (Figure 6.3). The splitting of the 

sulphate into a triplet at 1130cm-' (Table 6.3) is typical of a bridging sulphate 
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group between two metal ions within the crystalline structure, (Margulis et al.,, 
1970). 

The X-ray diffraction pattern of the solid phase precipitated at the mid point of 

the titration is often weak, but forms a distinctive XRD pattern that can be 

matched with the JCPDS reference pattern (Table 6.4), however the most 

crystalline samples have two extra peaks at 20 of 10.6° and 17.6° which do not 

appear on the reference pattern. These peaks were not included in the original 

reference pattern, which was not run below a 20 of 20°. 

When the Na2SO4 concentration is increased to above 70mM, the phase isolated 

at pH6-7 is a mixture of Ln2(OH)4SO4. xH2O and NaLn(S04)2. NaLn(S04)2 was 

found only as a mixture in the titration experiments and could not be isolated as a 

pure phase from the buffer region of the titration curve. 

Table 6.3. Infra-red stretches of hydrated Ln2(OH)4SO4 and NaCe(S04)2, 

titration precipitate pH 7-8.5 

Nd2(OH)4SO4 

. 2H20' 
Nd precipitate Eu precipitate Ce precipitate 

011 ' 3567 3440 3602 3474 3608 3475 

HZO 3210 3227 3209 3557 3509 

H2O 1635 1638 1653 1617 

HZO 783 785 809 

SOä " 1160 1116 1073 1183 1122 1082 1182 1128 1082 1109 

SO4 ' 585 617 587 538 592.1 651 596 496 

1 Marg iiis et äl., (1970) 
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Figure 6. 2 FTIR spectra of Ln2(OH)4SO4. xH2O; Initial Nd and Eu precipitates 
betwe en pH 7 and 8 
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Figure 6.3 XRD pattern of Ln2(OH)4SO4xH20: Initial Nd and Eu precipitates 
between pH 7 and 8 
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Table 6.4 XRD peaks of Nd2(OH)4SO4 and Eu2(OH)4SO4 

Reference 
pattern I 

Nd2(OH)4SO4 Eu2(OH)4SO4 

d( A) 20 d( A) 20 d( A) 

10.635 8.3119 11.015 8.0260 

17.620 5.0294 18.000 4.9241 

21.210 4.1856 21.610 4.1090 

23.965 3.7103 24.615 3.6137 

3.500 25.560 3.4822 25.915 3.4353 

3.230 27.805 3.2060 

28.215 3.1603 28.520 3.1272 

3.030 30.270 2.9503 30.690 2.9109 

2.830 31.670 2.8230 

35.175 2.5493 32.510 2.7519 

2.520 35.755 2.5093 35.675 2.5147 

37.280 2.4100 36.460 2.4623 

38.390 2.3429 38.095 2.3603 

2.250 40.465 2.2274 39.200 2.2963 

43.245 2.0904 43.800 2.0652 

1.990 44.820 2.0206 45.550 1.9899 

46.155 1.9652 46.965 1.9331 

47.095 1.9281 47.875 1.8985 

48.270 1.8839 48.935 1.8598 

1.840 49.615 1.8359 50.630 1.8015 

52.275 1.7486 

1.690 53.720 1.7049 53.075 1.7421 

54.770 1.6747 54.490 1.6826 

55.310 1.6596 

55.910 1.6432 

1.610 57.055 1.6129 57.715 1.5960 

TJCPDS file 23-1114 
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Ce on the other hand does not form a hydroxy-sulphate at intermediate pH but 

precipitates as the double sulphate NaCe(S04)2. xH2O. This is formed in all 

solutions containing sulphate from the titrations studied phase, a Ce hydroxy- 

sulphate phase was not obtained. Infra red analysis of the NaCe(S04)2 shows a 

characteristic strong single sulphate stretch at 1100cm-' (Table 6.3, Figure 6.4) 

and indicates that a bridging sulphate group is not present, implying that the 

compound is a double salt. There is no published infra red data for 

NaCe(S04)2. xH2O, although confirmation of the compound was performed by 

XRD and elemental analysis (Figure 6.5) which compares well with the data 

obtained by Tulinova et al., (1960) and Zaitseva et al., (1964). NaCe(S04)2 forms 

a significantly stronger X-ray diffraction pattern than obtained for the hydroxy- 

sulphate phases. 

Figure 6.4 FTIR spectrum of NaCe(S04)2: Initial Ce precipitate 
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Table 6.5 NaCe(S04)2 XRD data JCPDS File 40-481 NaNd(S04)2 (after 

Zaitseva et al., 1964) 

Reference Ce precipitate Reference Ce precipitate 
d(A) 20 d(A) d(A) 20 d(A) 

6.048 15.050 5.882 1.572 57.030 1.614 

5.472 16.580 5.343 1.563 59.465 1.553 

3.501 25.895 3.438 1.494 62.170 1.492 

3.034 29.925 2.984 1.468 63.540 1.463 

2.859 30.755 2.9048 1.452 64.830 1.437 

2.483 36.735 2.445 1.386 

2.376 38.190 2.355 1.375 68.165 1.375 

2.167 41.270 2.186 1.364 68.965 1.361 

1.936 45.905 1.975 1.322 71.805 1.314 

1.876 49.220 1.850 1.287 73.490 1.288 

1.757 52.755 1.734 1.264 74.805 1.268 

1.716 53.345 1.716 1.227 78.630 1.216 

1.687 53.970 1.698 1.189 

1.591 55.085 1.666 
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Figure 6.5 XRD pattern of NaCe(SO)2.2H20 

Initial precipitate from Ce/SO42 titrations 

8000 

6000 

4000 

2000 

0 

When the titrations for all rare earth element solutions are continued above pH 10, 

the Nd2(OH)4SO4 and Eu2(OH)4SO4 precipitates alter to Nd(OH)3 and Eu(OH)i 

respectively, whilst Ce oxidises to the yellow coloured CeO2. The nature of 

these compounds are the same as found in the sulphate free titrations. FTIR 

analysis indicates residual S042 at 1120cm-' in the end products, although there 

was no trace of a sulphate phase from XRD analysis. The sulphate was not 

present in the infra red spectrum after 2 months equilibration (Figure 6.6, Table 

6.6). 

Occasionally there is slight evidence of a V3 carbonate doublet at 1500cm-' in the 

infra-red spectrum, especially if the sample was formed above pH 8 (Figure 6.6). 

This is due to carbonate contamination caused during the drying and isolation 

process and usually forms as a surface layer only detectable from infra-red 

analysis (Diakonov et al., 1998). XRD analysis of the end product shows an 

almost amorphous (XRD maximum peak height <150 counts) Ln(OH)3 for Nd 

and Eu. Ce is oxidised to the yellow CeO2 (fully characterised in Section 3.3.3). 
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Table 6.6 FTIR stretches of Ce02/Ln(OH)3 from the end precipitate of the 

sulphate and sulphate free NaOH titrations 

stretch Ce ppt Nd ppt Eu ppt 

OH- 3608 3608 

H2O 3340 3423 3422 

H2O 1624 1636 1638 

OH- 668 701 

Figure 6.6 FTIR Spectra of CeO2 and Ln(OH)3: End precipitate of the 

sulphate and sulphate free NaOH titrations 
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6.2.4 Titration Discussion 

Four phases precipitate in the lanthanide-sulphate-sodium-hydroxide system 

examined in the titration experiments. Ce initially precipitates as the sodium 

cerium double sulphate, NaCe(S04)2. xH-O from pH 5, which is then oxidised to 

CeO2 above pH 11. Cerium hydroxy phases were not isolated. Nd and Eu 

initially precipitate above pH 7.5 as the hydroxy-sulphates Nd2(OH)4SO4 and 

Eu2(OH)4SO4, even if Nd and Eu are in excess of the sulphate concentration. Nd 

and Eu will form the double salt NaLn(S04)2. xH2O, at the Na+ and SO42_ 
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activities used in the titrations, but only as mixtures with the hydroxy-sulphates, 

Nd2(OH)4SO4 and Eu2(OH)4SO4. The Nd2(OH)4SO4 and Eu2(OH)4SO4 

precipitates alter to the hydroxide phases Nd(OH)3 and Eu(OH)3 respectively 

above pH 11. 

Figure 6.7 Typical titration curves for NdC1; +xNa2SO4 with 4NaOH 
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There were no significant observable differences in the titration curves for 

increasing the sulphate concentration in solution from a starting solution of excess 

Ln3+ to S042- (Figure 6.1) to an initial solution of excess 5042 to Ln3+ (Figure 

6.7), and for the three lanthanides examined, even though the Ce precipitates 

were significantly different to the Nd and Eu precipitates. In all cases, the initial 

rise in pH from pH5 to pH 7.5 was followed by precipitation, the pH was then 

buffered by continuous precipitation during the addition of NaOH(aq) until a 2: 1 

ratio of NaOH to Ln3+ had been added to the solution. 

In the Nd and Eu systems the Ln2(OH)4SO4 precipitate forms according to 

equation 6.1 and indicates that all of the Nd or Eu has precipitated by this point. 

LnCl3 +'/2Na2SO4 + 2NaOH ---> '/2Ln2(OH)4SO4(s) + 3NaCl(aq) (6.1) 
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An excess of Na2SO4 in the initial solution will therefore not have an effect upon 
the titration curve as the precipitation rate is controlled by the addition of OH' to 

the solution. The initial Ln2(OH)4SO4 phase does not appear to form below pH 7 

due to the low hydroxide activity of the solution. 

After a 2: 1 NaOH to Ln3+ has been added to the solution all the aqueous Ln3+ has 

precipitated and the pH cannot be buffered further. The pH then rises sharply to 

pH 12 and a further reaction between the solid phase and aqueous hydroxide 

(equation 6.2) causes the Ln2(OH)4SO4 to alter to Ln(OH)3 for Nd and Eu. 

1ALn2(OH)aSOa(s)+ OH'(aq) --ý Ln(OH)3(s) + V2SOa2'(aq) (6.2) 

Nd and Eu require higher Na+ and S042" activities to form the sodium double 

sulphate than Ce. 

The carbonate titrations (Chapter 3), indicated that cerium does not form stable 
hydroxy phases, as indicated by the direct conversion of Ce2(CO3)3 to CeO2, 

without an intermediate hydroxycarbonate phase, therefore a stable Ce2(OH)4SO4 

is unlikely to form. The CO32" ion is the dominant carbonate species only above 

pH 10 (Figure 4.4), whilst the S042- ion is the dominant aqueous sulphate species 

above pH 2 (Figure 6.8), therefore the sodium cerium double sulphate can form 

at a lower pH than the equivalent sodium lanthanide carbonates (Chapter 4) 

which form above pH 8. 
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Figure 6.8 Aqueous speciation of 1mM sulphate from pH 2-10 
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A 2: 1 ratio of S042 to Ce3+ is required to form NaCe(S04)2 (equation 6.3) 

CeC13(aq) + 2Na2SO4 > NaCe(S04)2(s) + 3NaCl(aq) (6.3) 

If sufficient Na2SO4 is introduced to the CeCl3 solution then precipitation may 

take place immediately at pH 4.5. A Ce hydroxy phase was not isolated but may 

have formed as an intermediate phase in equilibrium with the aqueous sulphate 

solution. It is possible that the weak hydroxy-sulphate and CeO2 X-ray patterns 

may be occluded by the much stronger NaCe(S04)2 XRD pattern. 

At high pH, the NaCe(S04)2 (s) phase also alters, but is oxidised to CeO2 instead 

of forming Ce(OH)3 (equation 6.4) 

NaCe(S04)2(s) + 20H- ) Ce02(s) + e- + 2H+ + 2S042 + Na+ (6.4) 

> Ce02(s) + '/2H2+ H+ + 25042 + Na+ 

In the sulphate free titrations where NaOH is added directly to the aqueous LnCl-, 

no precipitate was seen below pH 8. The only phases to form in these titrations 

was Nd(OH)3, Eu(OH)3 and CeO2 and below pH 8 the Ln3+ is soluble. The pH 

increases from pH 4.5 to pH 7 from the first addition of NaOH. Further additions 

of NaOH do not increase the solution pH or form a precipitate. This implies the 
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formation of aqueous lanthanide hydroxy species indicated by the buffered pH 

region. Figure 6.9 shows that NdOH2+(aq) forms as a significant aqueous species 

above pH 7. The formation of two further species, Ln(OH)2+ and Ln(OH)30(aq) 

can also buffer the solution pH. 

When sufficient NaOH has been added to convert all the aqueous lanthanide to 

Ln(OH)3° (equation 6.5), the solution pH then rises sharply and precipitation of 

Ln(OH)3(s) occurs at this point. 

LnC13(aq) + 3NaOH(aq)> Ln(OH)3°(aq) + 3NaCl(aq) (6.5) 

In comparing the carbonate and sulphate systems, it is apparent that the 

Ln2(SO4)3 is more soluble than the equivalent Ln2(CO3)3 phase which precipitates 

almost immediately from NaHCO3 titrations. 

2345678 

pH 

Figure 6.9 Aqueous hydroxy speciation of 10-7 M Nd from pH 2 to 10 
(After Lee & Byrne, 1992) 
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6.3 Solubility Determination of lanthanide sulphate phases 

The solubility product of the sulphate phases can be used to calculate the 

solubility limit of lanthanides under a variety of conditions and therefore 

determine the important lanthanide-sulphate solubility limiting phases. The 

Gibbs free energy of formation of each phase can be calculated from the solubility 

product, which can be subsequently used to derive the exact phase relations 
between the NaLn(S04)2 or Ln2(OH)4SO4 phases and the relevant carbonate 

phases (Chapter 4). 

Preliminary batch experiments were conducted to identify the phases formed over 

specific zones of the titration curve. Preliminary experiments showed that the 

phases formed often occurred as mixtures. Namely the NaLn(SO4)2 and 

Ln2(OH)4SO4 phases occur at high sulphate activities (i. e. >50mM), at lower 

sulphate activities below pH 9, mixtures of Ln(OH)3 and Ln2(OH)4SO4 form. 

However pure phases of NaLn(S04)2. xH2O could be isolated at pH-0 by 

controlling pH and S042- activity with H2S04, and by carefully controlling 

solution pH between pH 5 and 8, Ln2(OH)4SO4xH2O could be isolated from 

solution. At high pH the hydroxide phase Ln(OH)3 forms. Full details of the 

preparations are given below. 

The K analogue KLn(S04)2 could not be prepared for Ce, Nd or Eu, but the Ce 

analogue KioCe2(SO4)s was formed using K2S04 instead of Na2SO4. This was 

found to revert to CeO2 at intermediate pH. The K1oCe2(SO4)g phase was not 

examined in greater detail, as the phase altered to NaCe(S04)2 if Na+ was present 

in solution. The Nd and Eu analogues could not be prepared. Ln2(S04)3 phases 

could not be formed under any of the conditions studied in either titration or batch 

experiments, and are not considered further. 
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6.3.1 Preparation of Ln2(OH)4SO4. xH20 

Ln2(OH)4SO4. xH2O (Ln = Nd or Eu) was prepared by precipitation in a C02-free 

environment. All vessels were degassed with N2 and all solutions prepared with 
degassed distilled water. 

A mixture of LnC13 (0.2M, 5cm3), Na2SO4 (0.2M, 25cm3) and NaOH (0.2M, 

10cm3) was diluted to 100em3 with degassed distilled water in 125cm3 HDPE 

Nalgene bottles. The reaction mixture was kept under N2 in a waterbath at 25°C 

for 2 months to ensure complete reaction and equilibration before being filtered. 

The precipitates were filtered through Whatman N°4 sintered glass crucibles then 

washed with degassed distilled water to remove any remaining aqueous ions 

before drying in a vacuum dessicator. The identity and purity of the solid 

precipitates was determined by FTIR and XRD spectroscopy as previously 
described in section 6.2.3. The pH of the filtrate was determined immediately 

prior to filtering and the filtrate analysed for Nd and Eu by FIA-UV. Other 

components were calculated from a knowledge of the starting materials and the 

amount removed by precipitation of the pure phase. Any mixed or amorphous 

precipitates were discarded from solubility calculations. 

6.3.2.1 Preparation of NaLn(S04)2xH2O 

Ce, Nd and Eu all form NaLn(S04)2 in solutions with high sulphate and sodium 

activities. 

The NaLn(S04). xH20 phases were prepared at low pH by mixing LnCl3 (0.1M, 

100cm3) with H2SO4 (conc, IOml) and Na2SO4 (1M, 100cm3) and then diluted to 

250cm3 in 250cm3 HDPE Nalgene bottles and kept at 60°C for 2 months. The 

crystalline phases were filtered through Whatman N°4 sintered glass crucibles 

then washed with 200cm3 of degassed distilled water to remove any remaining 

aqueous ions before drying in a vacuum dessicator. The solubility product was 

not determined, as the compounds were not formed at 25°C. The dried crystals 
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were characterised by FTIR and XRD before being used in dissolution 

experiments. 

6.3.2.2 Dissolution of NaLn(S04)2 

NaLn(S04)2 (approximately 0.3g) was added to a solution of Na2SO4 (0.1M, 

190cm3) and H2S04 (conc, 10cm) in a 250m1 HDPE Nalgene bottle and allowed 

to equilibrate for 5 months in a waterbath (25°C) under a atmosphere of N2. The 

pH of the final solution was measured before filtering the precipitate through 

Whatman N°4 sintered glass crucibles. The precipitate was then dried and 

analysed by XRD and FTIR. The filtrate was analysed for total lanthanide 

content by FIA-UV and Ce by spectrofluorimetry. Other components were 

calculated from a knowledge of the starting materials and the amount removed 
from solution by precipitation of the pure phase. 

6.3.2.3 Precipitation of Nd and Eu NaLn(SO4)2xH2O 

NaNd(S04)2 and NaEu(S04)2 were also prepared from a more dilute solution and 

at a lower temperature than the original preparation (Section 6.3.2.1) 

LnC13 (0.2M, 10ml) was added to Na2SO4 (0.5M, 100m1) with NaCl (lm, 

20cm3) H2S04(conc, 5cm) in a 125cm3 HDPE Nalgene bottle (actual vol 

-137m1). The solution and precipitate formed was kept in a thermostated 

waterbath at 25°C for 2 months. The pH of the solution was measured before 

filtering through a Whatman N°4 sintered glass crucible. Precipitation of the 
NaEu(S04)2 was slow and excess NaCl (20g) was added to facilitate precipitation. 

To determine the solubility of the NaLn(SO4)2 phase, the filtrate was analysed for 

Nd and Eu by FIA-UV and other components were calculated from a knowledge 

of the starting materials and the amount removed by precipitation of the pure 

phase. 
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6.3.2.4 Precipitation of NaCe(S04)2. XH20 

NaCe(S04)2. xH2O was precipitated from CeC13 (0.5M, 12m1) with 50m1(0.2M) 

Na2SO4 (0.2M, 50cm3), NaCI (10g) and H2S04 (conc, 10cm3) and then diluted 

to 120cm3 with degassed distilled water in a 125cm3 HDPE Nalgene bottle. 

NaCl was added to promote precipitation between pH 6-8 (i. e. without H2S04). 

After the solid phase formed, the solutions were kept in a waterbath (25°C) for at 
least 2 months. After this time the solution pH was measured immediately prior 
to filtering through Whatman N°4 sintered glass crucibles and the precipitate was 

analysed by FTIR and XRD. The Ce3+ and total aqueous Ce (Ce3+ and Ce4 ) 

concentrations in the filtrate were analysed by spectrofluorimetry and FIA-UV 

respectively. Other components were calculated from a knowledge of the starting 

materials and the amount removed by precipitation of the pure phase. 

6.4 Calculation of Solubility Products 

To determine the solubility products, and hence the free energies of formation of 

the NaLn(S04)2 and Ln2(OH)4SO4 phases, the total lanthanide concentration and 

the pH of the equilibrated solutions were measured and the total solution 

composition calculated. All experimental data for the dissolution experiments are 

shown in Appendix 6.1 - 6.5. 

The total sulphate and sodium removed from solution was calculated from a 

knowledge of the starting solution composition and the amount removed from 

solution by precipitation of the lanthanide phase. For example NaLn(S04)2: 

sulphate is precipitated in a 2: 1 ratio of S042- to Ln3+ (equation 6.6) and sodium 

in a 1: 1 ratio of Na+ to Ln3+ (equation 6.7). For Ln2(OH)4SO4: S042- is removed 
from solution in a 2: 1 ratio of Ln3+ to S042- (equation 6.8). 

NaLn(S04)2 
[S042. ]eq = [S042-] start - 2([Ln3lst,,,, - [Ln3+leq]) (6.6) 

Ilia Jeq = [Nalstart -- ([Ln31'tart - [Ln3+leq]) (6.7) 
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Ln2(OH)4SO4 
LSO42"leq- [SO42] 

tart' 
1/Z(LLn3 

., tart- [Ln3 Jeq]) (6.8) 

The hydroxide activity was calculated from the pH and the chloride concentration 
is assumed unchanged from the initial solution. 

The solubility product was calculated for the dissociation reactions of the 
NaLn(S04)2 and Ln2(OH)4SO4 from the free ion activities derived using the 

computer speciation programmes PHREEQC and PHREEQE and using the 

lanthanide sulphate association constants shown in Table 6.7, for the aqueous 

speciation reactions 6.9 to 6.13. 

Table 6.7 Log of the lanthanide sulphate and hydroxy aqueous association 

constants for reactions 6.9 to 6.13 

Ln LnSO4 Ln(S04)2 LnOH Ln(OH)2 Ln(OH)3 

Ce 3.621 5.202 -8.41 -17.60 "27.23 
Nd 3.55 5.20 -8.16 -17.04 -26.40 
Eu 3.67 5.412 . 905 -16.37 -25.41 
`Martell & Smith (1989) Critical stability constants Volume 6: Second supplement Plenum 

Press New York 
2 Martell & Smith (1989) Critical stability constants Volume 4: Inorganic complexes Plenium 

Press New York 
3Izatt et al., (1969) J. Chem. Soc. 47-53 
4Hale, C. F., & Spedding, F. H., (1972) J. Phys. Chem. 76 1887 
lee & Byrne (1992) 

The aqueous association reactions used in the determination of the free ions in 

solution are: 
Ln3+ +S04 2- ) LnSO4+ (6.9) 

Ln3+ + 2S042" ) Ln(S04)2 (6.10) 

Ln3+ + H2O > LnOH2++ H+ (6.11) 

Ln3+ + 2H20 ) Ln(OH)2+ + 2H (6.12) 

Ln3+ + 3H20 ) Ln(OH)3 + 3H+ (6.13) 

The solubility products for the solid phases formed in Section 6.3, were 

calculated for each individual equilibrium solution (Solution data Appendix 6.1- 

6.5), and an average of the solubility products for each phase was then taken for 

the solubility product. 
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Calculation of a typical solubility product (Nd2(OH)4S'04) 

A typical example of a solubility calculation is shown in full below, for the 

dissociation of Nd2(OH)4SO4 (equation 6.14), using the solution activities (Table 

6.8) calculated by PHREEQC from the whole solution composition (Table 6.9) 

for an equilibrium solution 

Ln2(OH)4S04 --> 2Ln3++ 4011 + S042- (6.14) 

Ksp = a23+ . aýH_ . aS02. (6.15) 
4 

logKsp = 2log(aLn3+ )+ 4log(aOH_ )+ 1og(as02. ) (6.16) 

logKsp = 2(-5.596) + 4(-7.011) + (-2.198) = -41.15 

The solubility can also be calculated for the hydrolysis reaction (equation 6.17) to 

give a hydrolysis constant (equations 6.18 and 6.19) 

Ln2(OH)4SO4 + 4H+--> 2Ln3++ 4H20 + 5042- (6.17) 

K_ 
aLn3+. aH2o. aso4 

(6.18) 
a4 H+ 

logK = 2log(a 
Ln3+) + log(aso2 j+ 4pH (6.19) 

4 

= 2(-5.596) + (-2.198) + 4(6.99) =14.55 
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Table 6.8 Data required for a typical calculation of the Nd2(OH)4SO4 solubility 

constant from PHREEQC calculations (Table 6.9) 

Nd S042' pH 6.99 

total conc/M 2.9x10 0.045 

species Nd SO4 " OH" 

log molality -3.759 -1.382 -6.896 -6.807 
log y -1.836 -0.816 -0.094 -0.204 
log activity -5.596 -2.198 -6.990 -7.011 

The sodium lanthanide double sulphates can be similarly calculated for the 

dissociation reaction (equation 6.20) from equation 6.22 and the experimental 

data in Appendix 6.1 to 6.5 and are summarised in Table 6.10 for all lanthanide 

sulphate phases prepared. 

NaLn(S04)2 > Na+ + Ln3+ + 2SO42" (6.20) 
Ksp = aNa+. aß, 3+. aso4_ (6.21) 

logKsp =1og(aNa+) + 1og(aLn3+) + 21og(aso, 
_) 

(6.22) 

The solubility product for NaCe(S04)2 fell within two regions, dependent upon 

the ionic strength of the solution. The first with a log Ksp -10.68±0.5, from a 

solution of pH 4.5±0.5 and total ionic strength less than 0.1M. And a second set 

of samples formed at pH 0, with greater than 1M total ionic strength from the 

addition of H2S04 and Na2SO4 which gave a log Ksp -23±5. The Debye-Hückel 

expression used to calculate the species activities within dilute solutions cannot be 

used at the high ionic strength's of the latter, consequently these high ionic 

strength experiments were disregarded. 
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Table 6.9 PHREEQC output for a typical solution in equilibrium with Nd2(OH)4SO4 

TITLE KSp Calc NdS 18d Nd2(OH)4S04 
SOLUTION 1 

pH 6.99 
pe 0.00 

units mo1/1 
Nd 2.9E-4 
Na 0.12 
S 0.045 
Cl 0.030 

-----------------------------Solution composition------------------------------ 
Elements Molality Moles 
Cl 3.025e-02 3.025e-02 
Na 1.210e-01 1.210e-01 
Nd 2.924e-04 2.924e-04 
S 4.537e-02 4.537e-02 

----- -----------------------Description of solution---------------- ------------ 
pH = 6.990 
pe = 0.000 

Activity of water = 0.997 
Ionic strength = 1.595e-01 

Mass of water (kg) = 1.000e+00 
Temperature (deg C) = 25.000 

----- -----------------------Distribution of species---------------- ------------ 
Log Log Log 

Species Molality Activity Molality Activity Gamma 
OH- 1.558e-07 9.740e-08 -6.807 -7.011 -0.204 
H+ 1.269e-07 1.023e-07 -6.896 -6.990 -0.094 
H2O 5.551e+01 9.967e-01 -0.001 -0.001 0.000 

Cl 3.025e-02 
Cl- 3.025e-02 1.891e-02 -1.519 -1.723 -0.204 

Na 1.210e-01 
Na+ 1.173e-01 7.331e-02 -0.931 -1.135 -0.204 
NaSO4- 3.726e-03 2.329e-03 -2.429 -2.633 -0.204 

Nd 2.924e-04 
Nd+3 1.741e-04 2.539e-06 -3.759 -5.595 -1.836 
NdSO4+ 9.135e-05 5.71le-05 -4.039 -4.243 -0.204 
Nd(S04)2- 2.587e-05 1.617e-05 -4.587 -4.791 -0.204 
NdOH+2 1.120e-06 1.711e-07 -5.951 -6.767 -0.816 
Nd(OH)2+ 3.514e-09 2.197e-09 -8.454 -8.658 -0.204 
Nd(OH)3 9.340e-12 9.340e-12 -11.030 -11.030 0.000 

0(0) 0.000e+00 
O2 0.000e+00 0.000e+00 -58.123 -58.123 0.000 

S(-2) 5.646e-32 
HS- 5.646e-32 3.530e-32 -31.248 -31.452 -0.204 

S(6) 4.537e-02 
504-2 4.150e-02 6.339e-03 -1.382 -2.198 -0.816 
NaSO4- 3.726e-03 2.329e-03 -2.429 -2.633 -0.204 
NdSO4+ 9.135e-05 5.711e-05 -4.039 -4.243 -0.204 
Nd(S04)2- 2.587e-05 1.617e-05 -4.587 -4.791 -0.204 
HSO4- 1.014e-07 6.339e-08 -6.994 -7.198 -0.204 
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Table 6.10 Summary of lanthanide-sulphate solubility products 
Phase log Ksp log K Solution data and 

activities 
Nd2(OH)4SO4 -42.22±1.38 13.77±1.35 Appendix 6.1 

Eu2(OH)4SO4 -42.50±0.68 13.50±0.68 Appendix 6.2 

NaCe(SO4)2 -10.68±0.5 N/A Appendix 6.3 

NaNd(S04)2 -19.86±0.12 N/A Appendix 6.4 

NaEu(S04)2 -27.05±1.29 N/A Appendix 6.5 

There is no published solubility data for sodium lanthanide sulphate or lanthanide 

hydroxy sulphate solubility. The sodium lanthanide double sulphates appear to be 

very soluble with lanthanide concentrations of approximately 1 mm below pH 7. 

The Nd and Eu sodium double sulphates alter to the hydrdxy sulphate at pH 

above 7 in less than 0.05M sulphate solution, therefore the double sulphate will 

not control lanthanide solubility in natural solutions. NaCe(S04)2 also appears to 

have an approximate 1mM solubility limit in sulphate solutions between pH 7 and 

8, however as a Ce hydroxy sulphate does not form, then NaCe(S04)2 will 

probably alter to a carbonate phase even at very low carbonate activities. 

The buffering of pH by the precipitation of solid Nd2(OH)4SO4 and Eu2(OH)4SO4 

phases during the titration showed that the aqueous lanthanide concentration 
does decrease in equilibrium from the addition of NaOH. The lanthanide hydroxy 

sulphate may therefore have a significant influence on the lanthanide solubility 

limit in aqueous carbonate bearing sulphate solutions. 

The Debye-Hückel expression used for the calculation of aqueous activity 

coefficients was designed for use in dilute solutions. Nevertheless, because the 

formation of NaNd(S04)2 and NaEu(S04)2 phases require very high 

concentrations of supporting electrolytes, the Debye-Hückel expression was used 

for the solubility product calculations. Further AGf phase relationship 

calculations and phase diagrams must therefore be used with caution when these 

values are used. 
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6.5 Standard Gibbs Free Energy Calculations 

The Standard Gibbs free energy of a reaction (/ GR °) can be derived from the 

solubility product from equation 6.23, which in turn can be used to calculate the 

Standard Gibbs free energy of formation of each solid phase from equation 6.24 

and the thermodynamic data in Table 6.19; 

OGg° = -RT1nK (6.23) 

where R is the gas constant (8.314JK7'mol'i), T is the thermodynamic 

temperature (298.15K for all reactions) and K is the solubility product. 

OGRZ = OGf (products)-AGf (reactants) (6.24) 
AGf (reactants) = OGf (products) - AGp,, ° (6.25) 

where AGc (products) are the free component ions in the Ksp dissociation reaction 

and AGf (reactant) is the solid phase. 

Table 6.11 Selected aqueous species thermodynamic data (Lide, 1998) 

species iGf /KJmol'1 species AGf /KJmo1'1 
Ce -672.0 OH' 

- -157.22 
Nd -671.6 

964r 
-744.0 

Eu -574.1 C03 ' -527.9 
Na -261.95 0.00 
H20 -237.14 e- 0.00 

6.5.1 AGf Ln2(OH)4SO4 

The Gibbs free energy of formation for the lanthanide hydroxy sulphates can be 

calculated for the reaction (equation 6.14), using the thermodynamic data from 

Table 6.11 and the OGR calculated from the solubility product as shown below 

Ln2(OH)4S04 ) 2Ln3+ + 40W +S04 2- (6.14) 
iGf°(Ln2(OH)4S04) = [20Gf (Ln3+) + 4AGf (OH') + AGf (SO42")] - OGR�° 

(6.26) 

AGf (Nd2(OH)4SO4) =[2(-671.6)+4(-157.22)+(-744.0)1-[241.0] 
= -2957.1KJmo1"1 
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Similarly the OGf for the dissociation of the sodium double sulphates (equation 
6.20) can be calculated from equation 6.27 

NaCe(S04)2 > Naa + Ce3+ + 2SO42" (6.20) 
OG(reactants) = iGf (products) - OGR. �° (6.25) 
OGf (Ln2(OH)4SO4) _ [AGf (Na) + iG(Ln3) + 2iG(SO42')] - OGRno 

(6.27) 

The Gibbs free energy of formation (iGf )for each solid phase studied is 

summarised in (Table 6.12). 

Table 6.12 Summary of the AGf calculated from the solubility products (this 

work, Table 6.18) 

Phase log Ksp log K &G f /KJmol' 

Nd2(OH)4SO4 -42.22±. 38 13.77±1.35 -2957.07 
Eu2(OH)4SO4 -42.50±0.68 13.50±0.68 -2763.66 
NaCe(S04)2 -10.68±0.5 N/A -2481.0 
NaNd(S04)2 -19.86±0.12 N/A -2534.9 
NaEu(S04)2 -27.05±1.29 N/A -2478.45 
'CeO2 N/A 30.66±0.32 -10265.5 
'Nd(OH)3 

-21.41±0.67 20.08±0.62 -1265.5 
'Eu(OH)3 -22.79±0.23 19.17±0.23 -1175.9 

'This work Chapter 4 

6.6 Phase Relations 

The Gibbs free energy of formation can then be used to calculate the position of 

the stability field boundary between each two solid phases by calculating the 

Gibbs free energy for each equilibrium reaction, which in turn is used to calculate 

an equilibrium reaction constant, K 
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6.6.1 Ln2(OH)4SO4-Ln(OH)3 equilibrium 

The equilibrium reaction between Ln2(OH)4SO4 and Ln(OH)3 can be described in 

terms of the pH and sulphate activity of the solution as indicated by equation 
6.29. The Gibbs free energy of reaction can be calculated from equation 6.30 and 
the results are presented in Table 6.13, using the thermodynamic data in Tables 

6.11 and 6.12 

Ln2(OH)4SO4 + 2H20 = 2Ln(OH)3 + S042 + 2H (6.29) 
0 AGRý° = [20Gf (Ln(OH)3) + OGf (SO42') + 2AGf (H+)] 

- [AGf (Ln2(OH)4SO4) + 2AGf (H20)] (6.30) 

Table 6.13 Calculation of the Ln2(OH)4SO4-Ln(OH)3 equilibrium reaction 
constant 

equilibrium log Ksp OGf /KJmol"l AGf /KJmol"' AGR,, °/ logK 
phase (products) (reactants) KJmol"1 (equilibrium) 

Nd2(OH)4SO4 -42.22 -3275.0 -3431.4 156.4 -27.4 
-Nd O3 -21.41 

Eu2(OH)4S04 -42.50 -3095.8 -3237.9 142.1 -24.9 
-Eu(OH)3 -22.83 

The reaction constant can be expressed in terms of the activities of the component 
ions in solution (equation 6.31), when the solid phases have an equal activity 

when at equilibrium (of 1) and H2O also has an activity of 1. 

44 
(6.31) K= aS02- "ag 

Equation 6.31 can be rewritten in terms of pH and sulphate activity (equation 

6.32) by taking -log of equation 6.31 

logasoj. = 2pH + logK (6.32) 

6.6.2 NaCe(S04)z-CeO2 equilibrium 

The NaCe(S04)2 and Ce02 phase boundary includes a change in the oxidation 

state of the Ce and is dependent upon the pH, pE, Na+ and S042' activities of the 

solution (equation 6.33) 
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NaCe(S04)2 + 2H20 = CeO2 + e"+ Na+ + 4H+ (6.33) 

The Gibbs free energy of reaction is therefore described by equation 6.34; 

AGB _ [AGf (Ce02) + AGf (e") + AGf (Na+) + 2AGf (SO42) + 4AGf (H+)] 
- [AGf (NaCe(S04)2) + 2AGf (H20)] (6.34) 

The Gibbs free energy of reaction can be calculated from the thermodynamic data 

in Tables 6.11 and 6.12, and converted into a reaction constant from equation 

6.23, as shown in Table 6.14 

Table 6.14 Calculation of the NaCe(S04)2-CeO2 equilibrium reaction constant 

Equilibrium log Ksp OGf /KJmol"' LGf /KJmol" AOGH, / logK 
phases /log K (products) (reactants) KJmol-' (equilibrium) 

NaCe(S04)2 -10.68 -2721.3 -2955.3 234.0 -41.0 
-CeO2 30.66 

The reaction constant can be expressed in terms of the equilibrium components 
(equation 6.35) 

K=aNa+. aso4_. ae- aH+ (6.35) 

by taking -log of equation 6.35, the equilibrium reaction can be written in terms 

of pe (equation 6.36) or S042- activity (equation 6.37). 

pe = -(4pH - Toga Na+ - 2logasoi. + 1ogK) (6.36) 

1ogaS0j_ = (4pH + pe -1ogaNa+ + logK) (6.37) 

6.6.3 NaLn(S04)2-Ln2(OH)4SO4 equilibrium 

The NaNd(S04)2 and NaEu(S04)2 solubility products calculated in Section 6.4.2 

are unreliable due to the high ionic strength of the equilibrium solutions. 

However if the solubility product of NaNd(S04)2 and NaEu(S04)2 is assumed to 

be the same as the NaCe(S04)2 then an estimation of the NaLn(S04)2- 

Ln2(OH)4SO4 phase boundary could be made, which may be important at low 
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hydroxide activities. The reaction constant for the phase boundary can be 

calculated for equation 6.38, by equation 6.39. 

2NaLn(SO4)2 + 4H20 = Ln2(OH)4SO4 + 41-e + 2Na++ 3SO42' (6.38) 
AGpn° = [OGf (Ln2(OH)4SO4) + 4LGf (H) + 20Gf (Na) + 30Gf (SO42-) 

- [AGf (NaLn(SO4)2) + 4AGf (H20)] (6.39) 

The reaction constant can be calculated from the thermodynamic data in Tables 

6.11 and 6.12, and shown in Table 6.15 

Table 6.15 Equilibrium reaction constants between the sodium lanthanide double 

sulphates (NaLn(S04)2) and lanthanide hydroxy-sulphates (Ln2(OH)4SO4) 

equilibrium log Ksp AGf /KJmol-1 AGf /KJmol-1 OGp, °/ IogK 
phase /log K (products) (reactants) KJmoI'' (equilibrium) 

NaLn(S04)2 -10.68 -5713.0 -5910.6 197.6 -34.6 
-Nd2 O 4SO4 -42.22 
NaLn(SO4)2 -10.68 -5519.6 -5718.6 199.0 -34.9 
-Eu2 OH 4SO4 -42.50 
NaNd(S04)2 -19.86 -5713.0 -6018.4 305.4 -53.5 
-Nd2 OH 4SO4 -42.22 
NaEu(SO4)2 -27.05 -5519.6 -5905.5 385.9 -67.6 
-Eu O 4S0 -42.50 

The phase boundary can be expressed in terms of the aqueous components 

(equation 6.40), and the aqueous sulphate activity (equation 6.41) 

K=aH+. a2 aso. (6.40) 

logas02. =-1-(4pH - 21ogaNa+ + logK) (6.41) 
43 

6.7 Phase equilibria 

The phase boundaries between the lanthanide sulphate and hydroxy phases can be 

seen to be dependant upon pH and the sulphate activity in solution and are 

summarised in Table 6.16. A series of pH vs sulphate concentration diagrams 

can be plotted for each lanthanide, assuming the solutions are ideal and therefore 

the species concentration has been used instead of activities in solution. 
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Table 6.16. Summary of the lanthanide sulphate solid phase equilibrium 
reactions and constants (Data from Tables 6.13 -6.15) 

Equilibrium Equilibrium Reaction logK logK logK 
Phases Ce Nd Eu 

Ln2(OH)4SO4 109[S0421 = 2pH + logK N/A -27.4 -24.9 
-Ln OH 3 

NaLn(S04)2 -pe = (4pH - log[Na - -41.0 N/A N/A 
-Ce02 21o SO42' + lo K 

NaCe(S04)2 109[S0421 = N/A -34.6 -34.9 
-Ln2 O 4SO4 1/3 4 H-2lo a +lo K 
NaLn(S04)2 log[S04 '] = N/A -53.5 -67.6 

-Ln OH 4SO4 
1/3 4 H-2lo a+ +lo K 

6.7.1 Nd and Eu phase equilibria 

Using the estimated data for NaNd(S04)2 and NaEu(S04)2, a plot of pH with 

log[SO42] (Figure 6.10) shows that there is a phase transition with an increase in 

OH- activity from NaNd(S04)2 to Nd2(OH)4SO4 to Nd(O11)3 at a constant 

sulphate activity. Nd(OH)3 forms at high hydroxide activities and low sulphate 

activities. NaNd(S04)2 is the equilibrium phase at high sulphate activities, below 

pH 8, but only in the presence of aqueous sodium ions. The hydroxy-sulphate, 

Nd2(OH)4SO4, forms an intermediate equilibrium phase between NaNd(S04)2 

and Nd(OH)3, i. e. at a lower pH and higher sulphate activity than Nd(OH)3, not 

at higher pH and lower sulphate activity than NaNd(S04)2. 

The experimentally determined log Ksp value of -19.86 for NaNd(S04)2 predicts 

a phase transition from the double sulphate to the hydroxy sulphate, 

Nd2(OH)4SO4, at pH 9 in 1mM S042 and Na+ solution. If the NaNd(S04)2 has a 

log Ksp of -10.68 (i. e. if the NaNd(S04)2 solubility product is similar to the 

NaCe(S04)2 solubility product) then a reasonable estimation can be made of this 

phase boundary at pH 5 in a 1mM SO42- and Na+ solution. Preliminary solubility 

experiments at pH 6 in 10mM SO42" solution indicated that a mixture of 

NaNd(S04)2 and Nd2(OH)4SO4 forms as predicted by a log Ksp of -10.68 for 

NaNd(S04)2. An increase in the Na+ activity increases the pH required to form 

the NaNd(S04)2-Nd2(OH)4SO4 phase transition. 
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The stability field diagram predicts Nd2(OH)4SO4 would be the initial precipitate 

above pH 6.5 in the titration experiments, followed by alteration to Nd(O11)3 at 
high pH. The Nd2(OH)4SO4 - Nd(OH)3 phase boundary forms at pH 11 in 0.1 mM 
SO42- solution and pH 12 in 10mM S042", and therefore indicates the solid phase 
transition occurs after the sharp rise in pH at the end of the buffer zone, in 

agreement with the titrations. 

The Eu pH vs sulphate stability field diagram (Figure 6.11) is similar to the 

equivalent Nd diagram, but the Eu2(OH)4SO4 - Eu(OH)3 phase boundary forms at 

one pH unit lower than the equivalent phase boundary, probably as a result of a 

relatively less soluble hydroxide phase. The experimentally derived NaEu(S04)2 

- Eu2(OH)4SO4 phase boundary (formed in concentrated H2S04) does not agree 

with the experimental results, and forms at a higher pH than the Eu2(OH)4SO4 - 
Eu(OH)3 phase boundary. When the NaCe(S04)2 log Ksp (-10.68) is substituted 
for NaEu(S04)2, the phase boundary shows a good comparison with the Nd phase 
boundary, and is in the region experimentally verified to form a NaEu(S04)2 - 
Eu2(OH)4SO4 mixture. 
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Figure 6.10 Stability field diagram of the Na'-Nd; -SO4z -OH 

system [Na-] =I nM at 298.15K and I atm pressure (This work) 
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Figure 6.11 Stability field diagram of the Na -Eu"-SO, -OH 

system [Na'] =1 mM at 298.15K and l atin pressure (This work) 
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6.7.2 Nd and Eu solubility in sulphate solutions 

The relationship between solid and aqueous phases can also be examined from pH 

vs lanthanide concentration diagrams under set solution conditions, e. g. SO42- 

and Na+ concentrations, calculated using PHREEQC. When the predicted 

solubility of a series of phases are plotted on a pH vs aqueous lanthanide 

concentration diagram, then the least soluble phase at each pH value will be the 

solubility limiting phase, under those conditions (Figure 6.12). The variation in 

solubility of each phase with pH can also be examined with the relative effects of 

all the aqueous species in equilibrium with that phase (Figure 6.13). The plots 

predict the solubility of an aqueous phase with a solution at equilibrium and the 

interaction of all aqueous species. From this an explanation can be derived for the 

relative changes in solubility across the entire pH range for any solution 

composition, to identify why a phase becomes the solubility limiting phase only 

under specific conditions. 

Solid lanthanide sulphates are very soluble at low pH. Below pH 6.5 mixed 

NaLn(S04)2/Ln2(OH)4SO4 phases or the NaLn(S04)2 would be expected to form. 

The solubility of NaLn(S04)2 is independent of pH between pH 5 and 8 (Figure 

6.12), but decreases below pH 4.5, when aqueous sulphate alters from S042" to 

HS04 . Even though NaLn(S04)2 has a relatively high solubility compared to 

other lanthanide hydroxy sulphate, carbonate or hydroxide phases, NaLn(S04)2 

may still form the significant solubility limiting phase under some acidic 

conditions. However below pH 4.5, aqueous S042" converts to HS04 (Figure 

6.8), therefore the aqueous S042" activity is reduced and NaLn(S04)2 solubility 

consequently increases (Figure 6.12). 

Nd and Eu have similar Ln2(OH)4SO4 solubilities ( solubility diagrams are shown 

for Nd, Figures 6.12 and 6.13), which are strongly dependant upon the solution 

pH. There is a sharp solubility minimum of approximately 10"8M aqueous 

lanthanide between pH 9 and 9.5 in a 0.01M sulphate solution. The higher 

solubility of 104-10.3M for Ln2(OH)4SO4 below pH 7 found in the batch 

experiments (Section 6.3) was due to the very low aqueous hydroxide activity in 

acidic solutions. The Ln2(OH)4SO4 solubility decreases with an increase in pH 
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from pH 4 to pH 8.5, when Ln3+ and LnSO4+ are the dominant aqueous species 
(Figure 6.13) then forms a solubility minima when the dominant aqueous 

lanthanide species is Ln(OH)2+, the Ln2(OH)4SO4 dissolution reaction is then 

independent of pH (equation 6.41); 

Ln2(OH)4SO4(s) = 2Ln(OH)2+(aq) + S042"(aq) (6.41) 

The region dominated by the Ln(OH)2+ aqueous species is however pH 
dependent, which restricts the pH range of this equilibrium reaction to between 

pH 9 and pH 10. The total Nd or Eu concentration at the solubility minima will 

also be dependent upon the aqueous S042- activity, and will decrease with 
increasing S042- activity. 

Lanthanide solubility then increases with pH when the Ln(OH)30(aq) species 

forms the 'dominant aqueous species. Equation 6.42, shows that an increase in 

the OH' activity will increase the solubility of Ln2(OH)4SO4(s), Ln(OH)3(s) will 

then become the solubility limiting phase at high pH. 

Ln2(OH)4SO4(s) + 20H'(aq) ' 2Ln(OH)30(aq) + S042-(aq) (6.42) 

The Nd2(OH)4SO4 solubility minimum falls below the minimum solubility 

predicted by literature values for the Nd(OH)3 solubility product (Figure 6.12), 

but not below the solubility of well formed thermally aged Nd(OH)3 crystals (i. e. 

Rao eta!., 1996). When the Ln(OH)3 phase only becomes the solubility limiting 

phase at pH > 11, reflecting the fact that an initial amorphous Ln(OH)3 phase will 

form at the end stage of the titrations when excess OH" had been added to the 

solution. The Ln(OH)3 may then slowly increase in crystallinity over time. 

Crystalline Ln(OH)3 must be kinetically slow to form, otherwise the 

Ln2(OH)4SO4 phase would not form. 
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Figure 6.12 Lanthanide solubility in 0.01M Na2SO4 
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6.7.3 Ce phase equilibria 

The conditions for the formation of cerium solid phases are dependent upon the 

redox potential of the system. The NaCe(S04)2-CeO2 phase boundary is pushed 

to a lower pH by increasing the pe of the solution (Figure 6.14) and to a higher 

pH by increasing Na+ and SO42" activities (Figure 6.15). The solubility of CeO2 

(Figure 6.16) is also controlled by the pe of the solution. Under reducing 

conditions, if Ce3+ is not oxidised to Ce4+, then Ce(OH)3 would become the 

solubility limiting phase, at pe 0 and up to pH 10.5, above which Ce would be 

oxidised to Ce02. Under reducing conditions (e. g. pe -5) The predicted CeO2 

solubility is significantly higher than Ce(OH)3, therefore Ce(OH)3 will be the 

equilibrium phase even above pH 11. 

The solubility of Ln(OH)3, where Ln = Ce, Nd or Eu, is approximately constant 

from pH 9.5-14 when Ln(OH)3 (aq) is the dominant aqueous species. The 

solubility of CeO2 is not similarly controlled (Figure 6.16) and the solubility 

continues to decrease with increasing pH. Below pH 8 CeO2 (and Ce(OH)3) 

solubility increases sharply until NaCe(S04)2 becomes the solubility limiting 

phase. 

The redox potential of the system will also control the S042' activity in solution as 

the sulphate can be reduced to form sulphide (S2") ions in solution, which would 

affect the stability field of NaCe(S04)2 and CeO2 at low pe, but not indicated in 

the diagrams (Figures 6.14 to 6.16) 
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Figure 6.14 Stability field diagram for the Ce-pH-pe system and various SO42 

activities [Na'] = 1mM at 298.15K and I atm pressure 
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Figure 6.16 The solubility of various Ce phases with pH in 10 2M Na, SO4 solution 
(assuming SO4' is not reduced to S2-) 
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6.8 Nd and Eu phase relations in sulphate-carbonate solutions 

Most natural solutions (above pH 5) are likely to include carbonate ions through 

the dissolution of C02(g) or carbonate bearing minerals. The solubility of solid 

sulphate phases must therefore be considered from a mixed carbonate-sulphate 

bearing solution. The solid phases within the CO32 SO4`--Na+-pH system can be 

examined in a similar manner to the individual carbonate and sulphate systems by 

calculating a reaction constant between each pair of phases (Table 6.17) from 

Gibbs Free Energy calculations. 

When the sulphate phases are included in a pH vs log[TIC] diagram for Nd 

(Figure 6.17, derived from a pH vs log[CO32-] diagram, appendix 6.6) at 

constant Na+ and S042- activities, the sulphate phases form the stable equilibrium 

phases at low carbonate activities. Similarly solid carbonate phases form the 

equilibrium phase at low sulphate activities as indicated in a pH vs [S042 ] plot, 

(Appendix 6.7). The phase boundaries between NaNd(S04)2, Ndz(OH)4SO4 and 

Nd(OH)3 are dependent upon pH at constant Na+ and S042 activities and 

independent of the carbonate concentration. The phase boundaries between solid 

Phase logK 

-CeO, pe -5 30.66 

-CeO, pe 0 30.66 

-CeO, pe 5 3066 

-Ce(OH)119.9 
log Ksp 

-NaCe(SOa), -10.68 
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carbonate and sulphate phases are dependent upon the pH and carbonate activity 

at constant Naa and S042" activities. 

Ina 1mM Na+ and 0.1mM S042' solution, NaNd(S04)2 will convert to 

Nd2(OH)4SO4 above pH 4.2. The hydroxy-sulphate, Nd2(OH)4SO4, will then 

convert to Nd(OH)3 above pH 12. In this sulphate solution (Figure 6.17), the 

phase boundaries between sulphate and carbonate solid phases are predicted to 

form between 0.05mM and 1mM TIC from pH 4 to 11.5. The carbonate and 

sulphate phases will then alter to Ln(OH)3 above pH 11.5 

If the sulphate concentration is increased to 10mM (Figure 6.18), the 

Nd2(OH)4SO4 stability field increases to a higher pH at the expense of the 

Nd(OH)3 stability field, and to higher TIC concentrations at the expense of 

NdCO3OH. Nd2(OH)4SO4 is predicted to be stable up to pH 12.5 and 10'2M TIC 

in a 10mM S042- solution. If the Na+ activity is also increased to 10mM, then the 

NaNd(SO4)2 phase will become significant below pH 6, by restricting the 

stability fields of Nd2(C03)3 and Nd2(OH)4SO4. The Na+ and SO42' activities 

would have to increase to above 20mM, before a sulphate phase (i. e. 

Nd2(OH)4SO4) could interact directly with NaNd(C03)2. 

257 



00 
rn 
rn 

O . ter 
U 
cý 
N 
w, 
U 
N 
cd 

"sý+ 

'b 

O 
N 

U 
tý 

.O tl. 

O 

U 

I- 

.r 

.G cc F 

C) CD 
'Oýo M MM 

MM + NN h 
r^-ý - 

06 00 1rj N O 

to 0 2 ýg 
z 

7 
N .ý 

+N. NN 
00 

+ +-' 

G , +I +I ýo eh + 
0 bA 

NN fV Vý 
co Ö0 '' v z 0 

v+ V) U " 
+ + 

` r rý+ 
r) 

p, 
p 

t- 
Ä ö 

,00 

A bA b N Q. 
r+ 

º M 

U II 
N 

II 
N 
II 

N 

II 
tr o N 

II 
u a, r N 

II 
r r 

II 
r; -ý N 

II 
rr N r 

II 
r 

U 
r 

II 
r 

II 
r 

- T 

..., p 
O ý 

\.. p p 
M"d" t 

OM p 
} e 

pM O 
M 

0 
M 

0 
M 

O 
M 

O 
M 

O 
I v V v V)j U V U U 

00 00 0 C C C C G 

0 
N + N 

ýN 

+ 
+ 

z 
+ + 

N 
W 

t 
rý, + N N 

)} 
. + + 

, 

+ x Ln 
OU 0 

r, ýV 
p 

a O 0 -}- 
+ 

+ 
i 

+ 
+ + 

N 
o `+ M 

0 N , 
+ 
N +ý z + 

i� 
M 

M 
+ O 

0 
+ z + +RS 

+ -t 
0 

x 
Q 

^ N 
rTr 

z 

C) z N C) \ 

O 

C) 
M C) 

0 N z z z 
11 N N 
o II O 

N II 
II 'b Z II z z N N. 

u 

ý 
C) 

I 
O 
N 

II 
II N 0 + 

' xN 
N 

A x O 
° + 0 N + m + 

O N 'T z) C14 + x u ,1 + cn (5 
ý\ x O 0 O I 

" ý o o b W o u u 
N a z 

-& z ö 
z O N ° 

z 
N z 

00N Nr-+ 00 (f) NM NN en t%. (ýý-- tt m 'nN V1- 
'O N Net 1.0 It N It N 00 11' DO 00 It Net N o0 N 
OfV N N Ö M N M Oi N Oý pý. --. . --. et Cý ,:. ". 

i 
'T - -T M "ý' CV CV M N N (V 

M M M M M 

0 0 
0 

0 
U 

O 
0 

O 
p O O 

V 
O 
`^ ° O ö öz -0 öb 0 -0 z .o _ _býJ 

I 
Ö 

ýN 

N' 
O 

z z 

'IT 
'. 

1ý-1 
x 

Oz 
M/. M 

5 ö O U 
O O 

z 
.ý b o o 0 0 z z 

258 



Figure 6.17 Stability field diagram for the Na-Nd-TIC-OH system 
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Figure 6.18 Stability field diagram for the Na-Nd-TIC-OH system 
in [Na +] =10mM, [SO421=10mM at 298.15K and 1 atm pressure 
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6.8.1 Nd and Eu solubility in sulphate-carbonate solutions 

NaLn(SO4)2 is very soluble and if it forms with a similar solubility product as 
NaCe(S04)2 then the total aqueous Nd or Eu concentration will be at least 104M 

in a 10mM Na and SO4 solution. Decreasing the Na+ or SO42- activity in solution 

will further increase Nd or Eu solubility. 

In carbonate free systems, Nd2(OH)4SO4 and Eu2(OH)4SO4, are in equilibrium 

with aqueous lanthanide hydroxy phases above pH 7. Ln2(OH)4SO4 shows a 
decrease in solubility from pH 4 to a minimum at pH 9.5 (Figures 6.12 and 6.13), 

then the Ln2(OH)4SO4 solubility increases above pH 9.5, resulting in Ln(OH)3 

becoming the solubility limiting phase. When carbonate is added to the system 
the solubility of Ln2(OH)4SO4 is increased (Figures 6.19 to 6.21), and the profile 

of the Ln2(OH)4SO4 solubility from pH 4 to 14 changes significantly. 

In a 0.1mM sulphate solution, the solubility of Ln2(OH)4SO4 is relatively 

unaffected by 0.01mM TIC (Figure 6.19) LnCO3OH, will have a similar shaped 

solubility profile, but will not become the solubility limiting phase. Below pH 7, 

the low hydroxide activity of the solution results in a phase change from 

Ln2(OH)4SO4 to the carbonate Ln2(C03)3. The carbonate will then alter to the 

double sulphate, NaLn(S04)2, below pH 5, if sufficient Na+ is present in 

solution. 

When the TIC and SO42- activities are increased to 1mM, the solubility of 

Ln2(OH)4SO4 increases significantly (Figure 6.20). The entire solubility profile 

of Ln2(O11)4SO4 as plotted on a pH vs aqueous lanthanide diagram, changes 

significantly to a profile similar to that of LnC030H in high carbonate bearing 

solutions (Figure 4.17 and Figure 6.21). The solubility of Ln2(OH)4SO4 flattens 

at a higher concentrations than in the carbonate free system between pH 7 and pH 

9.5, then falls to a solubility minimum between pH 11 to 11.5. LnC03011 has a 

similar solubility profile, but is slightly less soluble than Ln2(OH)4SO4 in the 

region below pH 11. The solubility minima's at pH I1 to 11.5 are however of 

similar magnitudes, therefore Ln2(OH)4SO4 may become the solubility limiting 

phase, before conversion to Ln(OH)3 at a higher pH. Under these aqueous 
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conditions (Figures 6.20), the Ln-, (OH)4SO4 solubility minimum has not only 

been displaced from pH 9.5 to pH 11.5, there is also an associated increase in 

aqueous lanthanide concentration from 5xl0-9M to 10-7M. 

If the aqueous TIC is increased to 10mM (Figure 6.21) and sulphate concentration 

remains at 1mM, then the predicted Ln, (OH)4SO4 solubility increases to the 

extent that it is unlikely to become the solubility limiting phase. When the 

aqueous sulphate concentration is also increased to 10mM, Ln2(OH)4SO4 will not 

become a solubility limiting phase (Appendix 6.8). 

Figure 6.19 The solubility of various Nd phases in 0.1mM Na 
, 

0.1mM SO4 

and 0.01mM TIC solution (This work, Lee & Byrne 1992X- -- 
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Figure 6.20 The solubility of various Nd phases in 1 mM Na. 1 mM TIC and 

1 mM SO42 Lee & Byrne (1992/3) aqueous data Phase log Ksp 
Nd, (()x)asOq -42.23 
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Figure 6.21 The solubility of various Nd phases in lOmM Na 
, 

10mM TIC and 

1mM SO42 Lee & Byrne (1992/3) aqueous data phase log Ksp 
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6.8.2 The effects of aqueous species on Ln2(OH)4SO4 solubility 

The significant increase in solubility of Ln2(OH)4SO4 can be explained by the 

influence of aqueous lanthanide carbonate species in solution and shown by a pH 

vs [Ln]to al plot indicating the variation in the amounts of each aqueous lanthanide 

species in solution with pH. The TIC concentration must be less than 10'5M to 

have a negligible affect upon Ln2(OH)4SO4 solubility (Figures 6.19 and 6.22), 

however even in sulphate free solutions. Aqueous carbonate species only make a 

minor contribution to the aqueous speciation at 10"5M. 

The presence of aqueous carbonate concentrations above 0.01mM does however 

have a considerable effect on the solubility of Ln2(OH)4SO4. In a 0.01 mM TIC 

and 0.1MM S042- solution, the solubility of Ln2(OH)4SO4 is increased but the 

profile of the solubility curve still indicates a solubility minimum at pH 9.5. If the 

proportion of TIC to S042" remains the same, but increased to 0.1mM TIC and 
1mM SO42" (Figure 6.23), then the carbonate aqueous species, LnCO3+ between 

pH 7.5 and 8.5, and Ln(CO3)2 between pH 8.5 and 10.5 are the dominant 

aqueous species. 

In carbonate containing solutions the solubility minimum that forms at the 

aqueous phase boundary between the aqueous species LnSO4+, Ln(OH)2+ and 

Ln(OH)3 in carbonate free systems can no longer form, as the lanthanide 

solubility increases due to the presence of Ln(C03)2 . Therefore in carbonate 

solutions the solubility minimum forms as the proportion of aqueous Ln(C03)2 

reduces and Ln(OH)30(aq) increases. This solubility minima also becomes shifted 

to pH 10.5, the phase boundary between Ln(C03)2 (aq) and Ln(OH)30(aq). 

When the TIC concentration is increased to the same level as the S042- 

concentration at 1mM (Figure 6.24), the solubility of Ln2(OH)4S04 increases 

significantly between pH 8 and pH 11.5, due to interactions of Ln(C03)2 (aq). 

The solubility minimum still forms at the aqueous transition between Ln(C03)2 

and Ln(OH)3 . 
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Figure 6.22 Nd2(OH)4SO4 solubility and aqueous speciation 

in 0.01mM TIC and 0. ImM SO4 
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Figure 6.23 Nd2(OH)4SO4 solubility and aqueous 
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Figure 6.24 Nd2(OH)4SO4 solubility and aqueous Nd total 

speciation in 1 mM CO 2 and 1 mM SO 2 
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6.9 Discussion 

The sulphate system was studied as a comparison with the carbonate system, as 

the sulphate ion will be the second most abundant anion in many solutions 

compared to carbonate, therefore its relative influence upon solubility must be 

examined. The S04`- ion has the same charge as the C032 ion and therefore may 

be expected to have similar properties, but the S042 ion is the dominant sulphate 

species at a lower pH range than the C032 ion. 

The solubilities and stability of three lanthanide sulphate phases, NaCe(S04)2, 

Nd2(OH)4SO4 and Eu2(OH)4SO4 have been determined. The lanthanide sulphates 

form a series of phases from NaLn(S04)2, Ln, (OH)4SO4 and Ln(OH)j as pH 

increases. The equivalent Ln2(COz)3 and LnCO3OH phases found in the 

carbonate system did not form in any of the sulphate systems studied. The 

hydroxy sulphate Ln2(OH)4SO4, is a very insoluble phase, with a potential 

solubility minima less than that of Ln,, (CO3)3 and LnCO3OH within the region 

between pH 7 and 12. The solubility of Ln2(OH)4SO4 does however increase 
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with the addition of carbonate to the system. The Ln2(OH)4SO4 solubility 

minimum is similar to LnC030H in a 1mM TIC and 1mM SO42- solution at pH 
11. Carbonate phases will then control the lanthanide solubility above 1mM TIC 

The carbonate and hydroxy ions form stronger aqueous complexes with 
lanthanide ions than the equivalent sulphate complexes. Aqueous lanthanide 

sulphate complexes (LnSO4+ and Ln(S04)2) mirror the effects of the free 

lanthanide ion (Ln3) in solution, which is the dominant aqueous species only 
below pH 7. At low TIC concentrations (below 10"5M), the aqueous lanthanide 

concentration in sulphate bearing solutions is likely to be controlled by the 

equilibrium between solid lanthanide sulphates and aqueous lanthanide hydroxy 

species, rather than with lanthanide carbonate phases. The aqueous lanthanide 

carbonate phases, LnCO3+ and Ln(C03)2 , become significant above 10'4M TIC 

between pH 6 and 11, (i. e. a different pH region from the lanthanide sulphate 

aqueous phases), even when the total sulphate concentration is an order of 

magnitude higher than the TIC concentration. 

The formation of pure NaNd(SO4)2 and NaEu(S04)2 will be difficult in low ionic 

strength solutions as the mixed phases form with Ln2(OH)4SO4 in less than 

100mM Na2SO4 solutions at pH 6, with total lanthanide solubilities of 

approximately 1mM. The sodium lanthanide double sulphate may be a solubility 

limiting phase under extreme conditions of acidic pH, such as in aa sodium 

sulphate bearing brine. However, as the total aqueous lanthanide concentration 

will typically be between 0.1mM and 1mM if in equilibrium with NaLn(S04)2, 

then even when trace amounts of aqueous carbonate (i. e. on exposure to the 

atmosphere) are added to a system then Ln2(C03)3 may become the solubility 

limiting phase above pH 5. 

In natural systems, aqueous sulphate ions are only found in near surface 

oxidising systems, especially associated with the oxidation of sulphide minerals 

to form aqueous sulphates. Lanthanide sulphates are therefore probably restricted 

to precipitation in near surface (oxidised) environments, which may later alter to 

a sulphide phase when buried. The oxidation process that forms the S042- may 
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also have the dual purpose of oxidising Ce3+ to Ce02i provided the correct pH 

conditions are present. 

The examination of solid lanthanide sulphides would therefore be a logical 

extension of this work on lanthanide sulphates, to fully model the effects of 

lanthanides especially in enclosed reducing environments (e. g. bacteriological 

reducing regimes) where carbonate may also be restricted. 
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Chapter 7 
Predicting REE reactions and 

solubility in aqueous carbonate and 

sulphate solutions 
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7.1 Introduction 

The reaction constant for the dissolution of a solid phase into aqueous solution is 

usually considered in terms of the dissociation reaction. For example, Nd2(CO3)3 

dissociates into Nd3+ and C032- and at equilibrium, can be written as equation 7.1 

Nd2(C03)3(s) = 2Nd3+(aq) + 3C032'(aq) (7.1) 

There are two methods used to calculate the solubility product from experimental 

data. The first method is by measuring the heat change (OH°) when a pure solid 

phase dissolves in water to calculate the Gibbs free energy (AG°) for the reaction 
from equation 7.2. 

AG° = AH° +T S° (7.2) 

where T is the thermodynamic temperature and AS° is the entropy change for the 

reaction. 

The Gibbs free energy change is directly related to the reaction constant for the 

dissolution reaction by equation 7.3 

AG' = -RT1nK (7.3) 

where R= gas constant (8.314 JK'lmol"1), T the temperature (K) and K the 

reaction constant. 

The alternative is to calculate the solubility from the analysis of a solution in 

equilibrium with a pure solid phase. The solid phase may be precipitated directly 

from the solution, or have been partially dissolved. The solubility product is 

calculated from the sum of the stoichiometric amounts of the free ion 

concentrations in equilibrium with the solid phase. The solubility product for the 

reaction in equation 7.1 is shown in equation 7.4 

Ksp = [Nd3+]2. [CO3213 (7.4) 
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The solubility product cannot be calculated directly from the aqueous 

composition as aqueous association reactions do occur i. e. carbonate forms three 

different aqueous species (H2CO3, HC03 - and C032") as well as aqueous metal 

carbonate species in solution. The total concentration of an element will therefore 

not be equal to the concentration of the free ion required for the solubility 

calculation. There is a further complication from the attraction of opposing 

charged ions in solution preventing a uniform distribution of each ion in solution. 

At low ionic strengths the activity of each component can be approximated to the 

concentration. However in non-ideal solutions the actual concentration of each 

species must be calculated from a series of aqueous association reactions for each 

species, then corrected for the ionic strength of the solution and the charged ion 

distribution in solution, from the calculation of an ion activity coefficient for 

each ion to correct for the non-ideal nature of the solution. A series of 

geochemical models (i. e. PHREEQE) have been derived to calculate the actual 

species distribution for each element and their activities in real solutions. The 

models are designed to predict the solubility of mineral phases in a variety of 

solutions, and therefore will calculate the solubility product directly from the 

chemical analysis of a solution in equilibrium with a solid phase. 

7.2 PHREEQE and PHREEQC 

pHREEQE (pH, REdox, EQuilibrium Equations) is a computer program 

developed by the U. S. Geological Survey (Pankhurst et al., 1980) to determine 

aqueous species equilibrium in natural geochemical solutions. (i. e. the outflow 

from mine leachates and subsequent mixing with groundwaters and river 

systems). The following section is an introduction to the use and capabilities of 

pHREEQE and the upgrade from Fortran to C, PHREEQC (Parkhurst, 1995) in 

this project and is not intended as a complete description of the calculations 

involved in each model. 

271 



PHREEQC calculates a number of parameters in an aqueous system namely 
i, pH 
ii, pe 

iii, total element concentration 
iv, distribution of aqueous species 

v, the saturation of solid or gaseous phases in equilibrium with the solution 

vi, phase transport in and out of the system 

PHREEQC calculates the speciation of each aqueous species from the reaction 

constant as association reactions i. e. for the formation of Ln(C03)2- (equation 7.5) 

Ln3+ + 2CO32" = Ln(C03)2 (7.5) 

The reaction constant (K) for equation 7.5 can be expressed as equation 7.6 

K_ [Ln(Cq)2"1 
(7.6) [n3+] [C03 2- ]2 

Solubility reactions are expressed as the aqueous dissociation of a solid phase, if 

hydroxide is involved the reaction is expressed as the acid dissolution 

i. e. the dissolution of LnCO3OH can be written as equations 7.7 and 7.8 

LnCO3OH(s) + H+ = Ln3+(aq) + C032"(aq) + H2O (7.7) 

K [Ln][CO ][H2O] 
[H+] (7.8) 

However the thermodynamic activity is only equal to concentration in ideal 

solutions therefore, PHREEQC calculates the activity for each species from the 

Debye-Hückel or the Davis expressions (equations 7.9 and 7.10 respectively) for 

the activity coefficients in non-ideal solutions. 

Debye-Hückel expression for activity coefficient (y) 

IogYi = 
Azt 

+biµ (7.9) 
1 +Bai 
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Davis expression 

logy] =-Az; 
(y 

-0.3µ) (7.10) 
1+ý 

A and B are temperature dependant constants, a; ° and bi are ion-specific 

parameters fitted from mean-salt activity-coefficients data, z, is the ionic charge 

of aqueous species i and chemical potential p. PHREEQC calculates the activity 

of each species from the sum of the concentration of each species multiplied by 

its activity coefficient. 

Many solution reactions and changes in geochemical conditions include 

reduction-oxidation (redox) changes in some species 

i. e. the oxidation of aqueous Ce3+ to Ce(IV)O2 (equation 7.11) 

CeO2 + 4H} +e= Ce3+ + 4H20 (7.11) 

The redox state of the system must be included in the model to conserve solution 

neutrality of the bulk system. Conservation of electrons is obtained from the 

introduction of term pe for the log of e activity (a. _ ), similar to the pH term for 

H' ion activity (equation 7.12) 

pe = -1ogloae- (7.12) 

The equilibrium equation for CeO2 dissolution can be written as equation 7.13, 

K= ace3+a4 H20 (7.13) 
aceo2 aH+ ae- 

as the activity of a solid phase and water are unity in an ideal system, equation 

7.13 can be simplified as equation 7.14, 

logK=loga(ce3+) -loga(H+)-loga(e-) 
=loga(ce3+) +pH+pe 

(7.14) 
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7.2.1 Using PHREEQC 

PHREEQC requires at least three files, a database of all reaction constants of all 

solid phases, gaseous phases and aqueous species for each element to be 

considered in the model. An input file defining the initial solution conditions and 

any reactions to be modelled. PHREEQC then creates an output file of all the 

equilibrium solution conditions with saturation indexes of any other phases. A 

second selected output file of the specific data required can also be created. Each 

element i. e. (Na, Nd and C) are introduced as the total concentration of that 

element at a specified pH, pe and temperature. A series of possible reactions are 

then defined for the initial solution. 

The model initially defines the initial solution. The speciation of each element is 

calculated from association reactions based on a series of master species (defined 

in the required database i. e. Nd3) for each element in the input solution. The 

speciation of each element is presented as concentration, activity coefficients and 

activities. The saturation index (SI) for all solid and gaseous phases in the 

database included are calculated from the difference between the ion activity 

product (IAP), calculated from a combination of the ions that compose each solid 

phase, and the solubility reaction constant of that solid phase (KT) at temperature 

T, (equation 7.15). 

logSI=logIAP - logK'T (7.15) 

Positive log saturation indexes indicate that the solid (or gaseous phase) is 

saturated in solution and would precipitate, whilst negative saturation indexes 

indicate that the solution is under-saturated in the required components and 

further dissolution would occur. 

When PHREEQC has solved the original solution a series of reactions are 

possible. 
i, mixing with other solutions as a single addition or as stepwise additions 

(similar to titration experiments) 
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ii, equilibrium with a solid phase 
iii, equilibrium with a gaseous phase 
iv, surface complexation reactions 

v, equilibrium at varied pH, pe or temperature conditions 

vi, a combination of the above reactions 

The equilibrium solution can be saved for further reactions or the initial solution 

can be reused for a series of reactions modelling changes in equilibrium 

conditions, i. e. the effects of altering pH on the solubility of a solid phase. 

PHREEQC presents the results as an output file composed of the original input 

data, the initial solution speciation and saturation indexes for all possible solid 

phases that involve the specified master species. Each reaction solution is then 

presented as a series of bulk solution parameters, aqueous speciation and 

saturation indexes. A second output can be created of the specific data required, 

which can be extracted to a graphics file for presentation as a set of variables, e. g. 
Nd solubility vs pH when the solution is in equilibrium with NaNd(C03)2, 

Nd2(C03)3, NdCO3OH or Nd(OH)3 at a series of TIC activities, or the variation 

of Nd aqueous species with pH and carbonate concentration. 

An unknown solubility product can be calculated for a solid phase from the ion 

activation product (IAP) of a known solution. If the solution composition is 

known to be experimentally in equilibrium with a solid phase then the activity of 

each component species is automatically calculated. The solubility product is 

then derived from the sum of the activities of all the species in the solid phase. 

The sum of all the activities is the IAP and therefore the experimentally derived 

solubility product. 

The IAP calculated from PHREEQC for hydroxide species for the acid 

dissolution reaction i. e. equation 7.16 

Nd(OH)3(s) + 3H+(aq) = Nd3+(aq) + 3H20(aq) (7.16) 
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therefore 

K_aNd3+ 
aH+3 (7.17) 

.. logK= logaNd3++ 3pH 

rather than as the solubility product (equation 7.18) 

Nd(OH)3(s) = Nd3+(aq) + 30H"(aq) (7.18) 

when the solubility expression is shown as equation 7.19 

Ksp=aNd3+. aOH_- 3 
(7.19) 

.. logKsp= logaNd3+ +3logaQH_ 
When all the association constants of the possible aqueous species are known and 

the equilibrium phase has been determined then the model will calculate the solid- 

aqueous equilibrium between the solution and required solid phase, i. e. if 

NdCO3OH is put in equilibrium with a Nd free, carbonate bearing solution, then 

PHREEQC will calculate the amount of Nd that would dissolve to obtain 

equilibrium at the specified pH and total inorganic carbonate concentration. 

Various solutions can be modelled i. e. pure water, seawater, simulated 

repository solutions or native groundwater solutions. For example, the fate and 

maximum solubility of each lanthanide (and Am or Cm) can be predicted within 

the repository through the changing geochemical conditions that would be found 

as radionuclides are dispersed over time. This includes predicting the solubility 

of secondary precipitates that may form in equilibrium with evolving solutions as 

the primary host matrix is breached, then the further changes in solubility that 

may occur during the aqueous transport away from the near field system out 

through the far field host rock groundwater system, then ultimately to the 

solubility in a lakewater or seawater type environment. 

Surface complexation reactions are possible below the aqueous solubility limit 

and are an important mechanism of removing toxic and radioactive species from 
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solution. Modelling surface complexation reactions requires the appropriate 

equation and constant for each reaction. Surface complexation reaction constants 

can be derived from experimental data from FITEQL (Section 7.3). The surface 

must also be characterised and PHREEQC requires the surface area and number 

of sites per unit area for each surface available for reaction. The surface 

effectively becomes a separate phase available for the removal of species from 

solution. 

An example of selected PHREEQC input, database and output files can be found 

in Appendix 7.1 

7.3 FITEQL v32 

FITEQL is a computer program designed by Herbelin and Westall (1996) to 

calculate equilibrium constants from experimental data. The model is capable of 

determining 

i, stability constants of complexes 
ii, total concentrations of components 

iii, solubility products of solids 

iv, double layer adsorption at charged surfaces 

In the work presented here, the model will be exclusively used for the calculation 

of lanthanide-goethite adsorption equilibrium constants. The program requires 

each possible species reaction with equilibrium constants for all elements present, 

solubility product data is not required as the adsorption experiments were carried 

out below the lanthanide solubility limits. The solid surface phase (goethite) was 

assumed to be insoluble for the experimental equilibrium reactions. 

The amount of the surface (g/litre) and the specific surface area (m2/g) available 

for reaction are required to characterise the surface. PHREEQC also requires the 

number of sites in mols/g for predictions involving surface complexation. 

277 



FITEQL v. 32 optimises the unknown (goethite-lanthanide) adsorption 

equilibrium constant from an initial estimate and a series of pH vs adsorbed 

lanthanide concentration isotherms from experimental data. 

The other components are assumed unchanged in solution i. e. Na+ and KK, 

carbonate, chloride and sulphate remain in solution although aqueous Ln 

complexes are considered in the model. 

7.4 Aqueous databases 

The PHREEQE, PHREEQC and FITEQL models are entirely dependant on the 

choice and quality of aqueous species and solubility databases available. 

PHREEQE and PHREEQC contain a database (containing two sections, aqueous 

species and potential solid phases) generated for the general requirements of 

geochemical problems that contains the bulk elements in groundwater solutions 

and the typical heavy metals found from mine leachate solutions. The database 

does not include lanthanide elements or actinide elements, however some other 

nuclear fission products (i. e. Pb may be included as a toxic heavy metal). The 

databases involved can be adapted to include literature and experimental data. 

Two additional databases have been proposed for the predication of the solubility 

of nuclear waste (Tables 7.1 and 7.2) and will be considered here, NEA Version 

9 (NEA, 1996) and CHEMVAL Version 6 (Atkins, 1996) 

These databases have been comprehensively constructed for U, Pu and Am, as 

the major radioactive elements to be considered in nuclear waste disposal. 

However lanthanides have not been considered as thoroughly as the actinides 

elements. Experimental work over the last ten years using first Eu to represent all 

the lanthanides and as a chemical analogue for Am, then Nd as a specific 

analogue for Am as the lanthanide with closet 3+ ionic radii of 98.3pm and 

97.8pm for Nd and Am respectively, has not resulted in the inclusion of 

equivalent lanthanide and Am phases, probably mirroring the limited importance 

of lanthanides to radioactive waste disposal compared with U, Pu and Am. 
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Table 7.2 Comparison of the solid phase dissociation constants from the 

CHEMVAL 6 (Atkins 1996) and NEA 9 (NEA 1996) databases (including 

their source references) 
NEA 9 CHEMVAL 6 

Phase Am Ce Nd Eu Am Ce Nd Eu 

MO2 34.841 34.841 21.2112 

M(OH)3 15.402 19.903 16.005 17.507 16.569 19.9013 18.9013 15.5013 

MCO3OH -5.703 -7.896 -8.5210 
M2(C03)3 -33.401 -35.114 -32.308 -37.6511 -33.0014 -36.861s 
'Silva et al., (1995) Chemical thermodynamics Vol 2: The chemical thermodynamics of 

americium 

2Cross et al., (1995) Thermodynamic modelling of radioactive waste disposal. NSSR/311 

3Baes, C. F., and Mesmer, R. E., (1986) The Hydrolysis of cations. Robert E. Krieger Pub. Co. 

Malabar Florida 

4Martell, A. E., and Smith, R M., (1989) Critical stability constants Vol 6: Second 

supplement. Plenum Press new York 

5Makino et al., (1993) Nd(III) hydrolysis constants and solubilities ofNd(III) hydroxide. J. 

Chem. Soc. Japan 5 445-450 

6Shibutani, S. (1996) Solubility measurements of trivalent lanthanide for performance 

assessment of geological disposal of high level radioactive waste. PNC Technical 

Review /P97 

7Baes, C. F., and Mesmer, P LE., (1976) The hydrolysis of cations. J. Wiley &c Sons New York 

'Martell, A. E., and Smith, F LM., (1982) Critical stability constants Vol 5: Sirst supplement. 
Plenum Press New York 

9Silva, R (1982) LawerenceBerkeleyLaboratoryReport, LBL-15055 

'()Silva, R, and Nitsche., (1984) U. S. Nucl. Reg. Comm. Rep. NUREG/CP-0052 

'Shiloh et al., (1969) J. Inorg. Nucl. Chem. 31 1807 

12Baker et al., (1971) J. Chem. Thermodynamics 3 77-83 

13Morss, L. R, and Williams, C. W., (1992) Mat. Res. Soc. Symp. Proc. 257 283-288 

14jordanav, N., and Havezov, I., (1966) Z Anorg. AIIg. Chem. 347 101-106 
1sRard, J. A., (1987) Update of the europium database, Oct. 1987, LLNL Internal Memo. 
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7.4.1 CIEMVAL Version 6 

Aqueous species 

Four Am solid phases in the Na+ C032- Off system, Am2(C03)3, AmCO3OH 

and Am(OH)3 and the oxidised AmO2 are formed based on pH and CO32- 

activities of a solution. The equivalent lanthanide system includes the Ln2(CO3)3 

and Ln(OH)3 forms but not the LnCO3OH for either Nd and Eu. Ce is the only 
lanthanide that can be relatively easily oxidised to Ln4+ and CeO2 forms in 

preference to the hydroxycarbonate and hydroxide unless under strongly reducing 

conditions. 

The lanthanide aqueous carbonate and hydroxy phases in CHEMVAL 6 were 

based on linear free energy interpolation from Lee and Byrne (1992 & 1993), 

however these values differ by up to 10 log units for the aqueous Ln(OH)3 species 

between the actual reference and the database. The lanthanide in the original 

reference are similar to the Am aqueous species data (which has been derived 

from multiple sources, Table 7.1 ), especially for Nd. There is no published 

equivalent aqueous lanthanide Ln(C03)33" phase, possibly due to Lee & Byrne 

estimating their aqueous speciation from seawater where the TIC activity was 

predicted to be too low to form a Ln(C03)33- species. Rao et al., (1996a) have 

calculated Nd solid phase stability constants "from Am data assuming that the 

value of the equilibrium constant for the formation of a given species is identical 

to the equilibrium constant for the corresponding Nd reaction". Their species 

constants were presented as chemical potentials (as µ°/RT) and not as association 

reaction constants. This is in contrast to other authors (e. g. Runde et al., 1992) 

who characterise Nd and Eu phases then assume that Am will have formed the 

same phase under the same experimental conditions. 

When each of the actual data sets are examined, the CHEMVAL 6 aqueous 

constants predict only two dominant aqueous lanthanide species (Appendix 7.2 

indicates the dominant Ce and Nd species), Ln3+ (below pH 5) and Ln(OH)30 
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(above pH 5), in 10-3M and 10'5M TIC solutions. All the other predicted species 
form a minor component of the total aqueous lanthanide. 

The actual reference data from Lee and Byrne (1992 & 1993) predict that LnC03+ 

and Ln(C03)2 will be dominant species in a 10"3M TIC solution. The lanthanides 

have almost identical aqueous constants and are shown for Nd in Appendix 7.3. 

In a 10"3M TIC solution, Nd3+ is the dominant aqueous lanthanide species at low 

pH (below pH 6), then NdC03+ from pH 6 to 8, followed by Nd(C03)2 from pH 
8 to 11, then Nd(OH)3° above pH 11. If the [TIC] is reduced to 10"5M, then 

Nd(C03)2 will not be a dominant species. Nd3+ is dominant to a higher pH (pH 

8), NdCO3+ is restricted by hydroxy species to between pH 8 and 9.5, NdOHZ+ at 

pH 9.5, then Nd(OH)3 above pH 9.5. 

The Am aqueous speciation is significantly different to the lanthanide 

CHEMVAL 6 datasets, but similar to the Lee and Byrne (1992 & 1993) data. In 

10"3M TIC solutions (Appendix 7.4a) Am3+ is dominant below pH 6.5, 

Am(C03)2 between pH 6.5 and 11.5, followed by Am(OH)3° from pH 11.5 to 

13.5. There is an additional Am(OH)4 aqueous species, which is not present in 

any aqueous lanthanide dataset, which is dominant above pH 13.5. AmC03+ and 

Am(C03)33- are only present as trace amounts. If the [TIC] is reduced to 10"5M 

(Appendix 7.4b), Am3+ is still the dominant low pH aqueous species (up to pH 

8), between pH 8 and 10, there are three important species, AmOH2+, 

Am(C03)2 and Am(OH)2'. Am(OH)3 is the dominant aqueous species above pH 

10, then Am(OH)4- above pH 13.5. 

Solid phase solubility products 

There is a complete set of Am solubility products for the Am3+-CO32 -pH-pe 

system (Table 7.2), which include the phases Am02, Am2(CO3)3, AmCO3OH 

and Am(OH)3. However, there is not an equivalent set of lanthanide solubility 

products. There are only two Ce solid phases, CeO2 and Ce(OH)3. Cerium(III) 

phases easily oxidise to CeO2 at high pH, therefore Ce(OH)3 is unlikely to form. 
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Ce2(CO3)3 is not present at all. There are also only two Nd and Eu solid phases, 

the carbonate, Ln2(C03)3 and the hydroxide, Ln(OH)3. 

The Eu solubility products are closest to Am in the CHEMVAL 6 database, but 

they do suggest that the solid phases are less soluble than those found in this study 

(Chapter 4). The inconsistencies within the CHEMVAL 6 database mean that 

comparisons between the lanthanides and Am cannot be made without substantial 

revision of the database. 

7.4.2 NEA version 9 (NEA 9) database (NEA, 1996) 

The NEA 9 database for Am was produced using the recommended Am species 

and solid phase data recommended in the review of published Am thermodynamic 

data by Silva et al., (1995), then revised to include enthalpy data. Ami+, 

AmOH2+, Am(OH)2+, AM(OH)30, AmCO3+, Am(C03)2 and Am(C03)3 are all 

represented. There are major discrepancies between the hydroxy species of the 

four elements examined. There is a complete set of Am and Nd hydroxy aqueous 

species, but there are no equivalent Ce and Eu Ln(OH)2+ and Ln(OH)3 aqueous 

species. Ce is the only lanthanide with an equivalent set of carbonate species to 

Am, but there is an additional Ce carbonate aqueous species, Ce(IU) (CO3)45', 

which does not have an Am analogue. There are Nd and Eu LnCO3+ and 

Ln(C03)2 aqueous species, but there is not a Nd and Eu aqueous tricarbonate 

species (Ln(C03)33). The Nd aqueous association reaction constants are within 

0.3 log units of the equivalent Am constants (Table 7.1), therefore a neodymium 

tricarbonate species could possibly be extrapolated, but there are no distinct 

trends from Ce-Nd-Am-Eu based on ionic radii to predict all the required species. 
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Aqueous association reaction constants 

The Am and Nd species from the NEA database are dominated by the hydroxy 

species M(OH)2+ and M(OH)3 (Appendix 7.5 and 7.6) which are the dominant 

aqueous speciation above pH 7 and have a stronger influence on the aqueous 

species than the Lee & Byrne (1992 & 1993) hydrolysis constants suggest 
(Appendix 7.3). 

In 10'5M TIC solutions aqueous Am and Nd species do not influence the aqueous 

speciation. There are four dominant Am species across the pH range. The 

dominant species are; Am3+ below pH 6.5, AmOH2+, from pH 6.5 to 8, 

Am(OH)2+, from pH 6.5 to 11, then Am(OH)3 above pH 11.5. The Am(OH)4 

species is not included in the database. When the [TIC] is increased to 1mM, 

AmOH2+ is replaced by AmC03+ in the mid pH range between pH 6 and 9. The 

proportion of aqueous Am(OH)2+ above pH 9 is also reduced by an aqueous 
Am(C03)2 component. Am(C03)33' has a limited influence in 10"3M TIC 

solutions, however in 10"2M TIC solutions, all the americium carbonate species 

are dominant between pH 6 and 12. Am3+ remains dominant at low pH, below 

pH 6. AmC03+ is dominant from pH 6 to 8, Am(C03)2 from pH 8 to 9.5, then 

Am(C03)33' between pH 9.5 and 11.5. At pH 11.5 to 12, there are equal 

proportions of the three aqueous species Am(C03)33, Am(OH)2+ and Am(OH)30- 

Above pH 12 aqueous Am(OH)3° is the dominant species. 

There are only three dominant Nd species in 10"5M TIC solution. The Hydrolysis 

constants in the NEA 9 database (calculated by Maskino et al., 1993) predict that 

NdOH2(aq) will not be a dominant species, and is replaced by Nd(OH)2+(aq). 

Nd3+ is dominant below pH 7.5 and Nd(OH)3° above pH 11, with Nd(OH)2+ 

dominant between these two extremes. If the [TIC] is increased to 10-3M, 

aqueous neodymium carbonate species are dominant between pH 6.5 and 9.5. 

NdCO3+ is dominant up to pH 8.5, then two species Nd(CO3)2 and Nd(OH)2+ are 

the dominant aqueous species up to pH 11. 
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Similar diagrams (as Appendix 7.5 diagrams) cannot be constructed for Ce and 
Eu as the Ln(OH)2+ and Ln(OH)3 aqueous species are not present in the NEA 9 

database. The lanthanide hydrolysis constants were originally calculated by Baes 

& Mesmer (1976), who only calculated the first hydrolysis constants for all the 

lanthanides, but data for each of the three hydrolysis reaction constants was only 

presented for selected lanthanides (including Nd, but not Ce and Eu). Group 

trends could be extrapolated for the further Ce or Eu hydrolysis constants, but 

the Nd hydrolysis constants in NEA 9, have been replaced by the revised Nd 

hydrolysis constants calculated by Makino et al., (1993) (as an analogue for Am). 

The first hydrolysis constant for Nd is lower than both Ce and Eu, making 
inferences between the lanthanides difficult and tenuous at best. 

Lanthanide carbonate species formation constants increase from Ce to Eu 

(LnCO3+ 7.41 to 7.95, Ln(C03)2 12.63 to 13.40 respectively) in Lee & Byrne 

1993, however the group trend within the NEA 9 database for the carbonate 
formation constants have the opposite trend of decreasing from Ce to Eu (LnCO3+ 

7.94 to 7.11, Ln(C03)2 13.30 to 10.60 respectively). The constants are of similar 

magnitude in both data for Ce, but the equivalent Eu constants differ by up to 3 

log units. The NEA 9 data set for the three lanthanides examined comes from 

three separate sources over 11 years and are not consistent. An increase in the 

aqueous lanthanide-carbonate association constants from Ce to Eu, follows the 

general trend seen in natural systems in which the HREE are more soluble than 

the LREE in carbonate solutions (Chapter 1), the trend calculated by Lee & 

Byrne (1993), and not the trend in the NEA 9 data set. The Lee & Byrne 

(1992/3) formation constants were therefore chosen to calculate the solubility 

products in this study as they form the most consistent set of formation constants 

for Ce, Nd and Eu. 
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Solid phase dissociation constants 

The Am solubility data for Am2(C03)3 and Am(OH)3 was originally taken from 

the review by Silva et al., (1995) though the hydroxide is intermediate between 

Silva et al., 's amorphous and crystalline extremes. The sodium double carbonate 

was acknowledged but there was insufficient experimental data for Silva et al., 
(1995) to recommend a solubility product. However the reappraisal to include 

thermal data for AmCO3OH has had a significant effect on phase solubility within 

the database. The solubility product for the AmCO3OH hydrolysis reaction 
(equation 7.20) has been altered from log K= -7.2 (Silva et al., 1995) to log K= - 
5.7). 

AMC030H + H+ = Am3+ + C032' + H2O (7.20) 

This reappraisal was designed to incorporate thermal data (OH), to calculate Am 

solubility over a temperature range, which may be required for elevated 

temperature in a nuclear waste repository. The new association constant has had 

the effect of eliminating AmCO3OH as a stable phase (Figure 7.1) to be replaced 
by an Am2(C03)3-Am(OH)3 equilibrium with a direct effect on Am solubility. 

The Am2(C03)3-AmCO3OH equilibrium has the effect of increasing Am 

solubility in the region that the AmCO3OH phase recommended by Silva et 

al., (1995), log K -7.2, was the solubility limiting phase (Figure 7.2) 
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Figure 7.1 Stability field diagram for the Ain'"-TIC-OH system 
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Experiments at varied pCO2O have clearly shown that AmCO3OH (implied from 

the formation of NdCO3OH and EuCO1OH, e. g. Runde et a!., 1992) is stable 

under intermediate pH conditions and a stability field diagram based on the Silva 

et a!., (1995) data predicts that ArCO; OH will be the solubility limiting phase 

under most environmental conditions (e. g. pH 6 to 8 and 0.01 mM to 5mM TIC). 

The revised association constant (log K -5.7) suggests that the hydroxycarbonate, 

found under experimental conditions is a kinetically formed metastable phase, 

which later alters either to the carbonate or the hydroxide. 

Lanthanide solid phases in the NEA 9 database have a few peculiarities. The 

Ln2(CO3)3 phase is not present for Nd but is for Ce and Eu, whilst NdCO3OH is 

present but EuCO3OH is not. All three lanthanides have hydroxide phases, but 

Ce(OH)3 is unknown unless under very reducing conditions at high pH. ºf 

Ce(OH)3 could be expected to form, then CeCO3OH must also be considered. 

An amorphous (purple) metastable Ce(OH)4 has been postulated to form which 

alters to (yellow) CeO2 within a few hours. CeO2 has also been removed from the 

NEA database, even though Ce is easily oxidised to CeO2 instead of forming 

hydroxy phases (Chapter 3). 
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A direct comparison of the stability fields between the lanthanides and Am (and 

even between individual lanthanides) cannot be made from the NEA 9 database. 

Ce and Eu hydrolysis constants must all be evaluated into a consistent dataset 

with Nd. The equivalent aqueous carbonate species (specifically Ln(C03)33") 

must be determined for all the lanthanides before solubility predictions and 

stability field diagrams can be produced for the lanthanides using the NEA 9 

database. 

Neodymium solubility calculations 

Nd is the only lanthanide that can be successfully compared between the 

databases. If the Nd solubility is calculated using log Ksp from this work 

(Chapters 4& 5), and associated Lee and Byrne (1992 & 1993) data, then 

compared with the predicted solubility using the same solubility products with 

NEA aqueous species (e. g. Makino et al., 1993) significant differences can be 

seen in the shape of the solubility curves of each of the hydroxy phases. Nd 

solubility profiles (Appendix 7.7), calculated using the NEA 9 aqueous species 

data and the solubility products from this work (Chapters 4 and 6), predict that 

the minimum total Nd solubility remains between 2x10'7M to 10-6 M for all 

the solubility limiting phases, except for Nd(OH)3 which increases in solubility to 

[Nd]ow --10"5M. Nd2(C03)3 becomes the minimum solubility limiting phase 

rather than NdCO3OH from the Lee & Byrne (1992/3) data. 

When the NdCO3OH or Nd2(OH)4SO4 solubility is calculated in I mM TIC and 

S042- solutions using the Lee and Byrne (1992 & 1993) aqueous constants, there 

is a slight plateau effect between pH 8 and 10, in which the Nd solubility is 

approximately constant as pH increases due to the equilibrium reaction between 

the solid phase and aqueous Nd(C03)2 . Above pH 10, NdCO3OH and 

Nd2(OH)4SO4 solubility falls to a minimum before rising sharply as Nd(C03)2' 

alters to aqueous Nd(OH)3. The plateau effect is not apparent if the solubility of 

each is calculated using the NEA 9 database. 
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The NdCO3OH and Nd2(OH)4SO4 solubility minimum, when Nd(C03)2 (aq) 

converts to Nd(OH)3(aq) does not occur. These effects are due to the dominance 

of the Nd(OH)2+ species rather than Nd(C03)2 in the mid-pH range, between pH 
7.5-10 (Appendix 7.7). There is also a slight increase in the solubility of Nd, 

when calculated using the NEA 9 aqueous constants, compared to that when 

calculated with the Lee and Byrne (1992 & 1993) aqueous constants. 

The Nd solid phases in the NEA 9 database (Table 7.3) are considerably less 

soluble than the equivalent phases found from this study. The NEA 9 database 

predicts that the minimum NdCO3OH solubility is approximately 5x10'9M in a 
1mM TIC solution. The NdCO3OH solubility increases slightly in 10mM TIC, 

as found from this study (Chapter 4). Nd(OH)3 is independent of the carbonate 

concentration above pH 11.5, and is predicted to have a minimum solubility of 

10"9M. The solubility of Nd(OH)3 and NdCO3OH are considerably lower than 

found in this study (Chapter 4, Appendix 7.7). NEA 9 predicts that Nd(OH)3 is 

more soluble than Am(OH)3 and NdC030H is less soluble than AmCO3OH 

(Figures 7.2 & 7.3). Further comparisons between the lanthanides (Nd and Eu) 

and the determination of group trends that may include Am cannot be made as the 

NEA 9 lanthanide datasets are incomplete. 

Table 7.3 Comparison of the Nd solubility products (log K) between the NEA 9 

database and this work 
Solid Phase NEA 9 This work 

Nd2(CO3)3 -34.43 
NdC030H -21.89 -19.87 
Nd(OH)3 -26 -21.9 
NaNd(C03)2 -21.25 
Nd2(OH)4SO4 -42.23 

Aqueous [Nd]tota1 vs pH diagrams show that Nd(C03)33- would have a significant 

effect in increasing solubility between pH 8 to 10.5 in 10mM TIC solutions for all 
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phases. Nd(C03)3' had a limited and almost unobservable affect in I mM TIC 

solutions (Appendix 7.6, Figure 7.4) 

Figure 7.2 Am solubility in lmM TIC after NEA 9 and Silva el al (1995) 

at 298.15K and 1 atm pressure 
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7.4.3 The effects of aqueous speciation on calculating solubility products 

There are no proposed literature values for the aqueous Ln(C03)33- tricarbonate 

species. If the lanthanides are to be considered as true analogues for Am (and 

heavier actinides including Cm), then data for the actinide speciation must be 

revised, or a Ln(C03)33" species considered for the lanthanides. Rao et at, 

(1996b) suggested that as Nd was the analogue for Am then Am speciation could 

be used for calculating the NaNd(C03)2 solubility product with Nd(C03)33- as the 

dominant aqueous species in a 0.1M sodium carbonate solution. 

Lee & Byrne (1993) predicted their lanthanide carbonate species from linear free 

energy calculations of 0.1mM TIC solutions and therefore Ln(C03)33- was not 

considered. If Ln(C03)33- exists then the solubility products of LnC030H and 

NaLn(C03)2 phases formed at approximately pH 10 must be re-evaluated. 

Assuming the Nd(C03)33- formation constant is as the NEA 9 Am(C03)33" 

constant and approximately 2.5 log units greater than for the equivalent Ln(C03)2 

species then: 

Nd(C03)33" log K 15.2 
Eu(C03)33" log K> 15.6 

Recalculating the solubility products of the Nd and Eu solid phases derived in 

Chapter 4 to include the Ln(C03)33- species above (with the NEA constants for 

Nd and Lee & Byrne for Eu) increases the solubility products of the phases which 

were found to exist in equilibrium with either the Nd(OH)Z+, Nd(C03)33- and 

Eu(C03)33- aqueous phases (Table 7.4) i. e. NaNd(C03)2, NdCO3OH and 

NaEu(C03)2. 

Table 7.4 Recalculated solubility products (from this work, Chapter 4) using 

the NEA 9 database including the Ln(C03)33- aqueous species 

adjusted log Ksp log Ksp (Chapter 4) 
NaNd C03 2 -21.95 -21.25 
NaEu C03 z -21.46 -20.48 
NdCO3OH -22.96 -19.87 
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When the experimental data (Chapter 4) is re-appraised with solubility products 

calculated using NEA aqueous data including a Ln(C03)33- aqueous species, 
Ln(CO3)33" becomes the dominant aqueous phase in equilibrium with 
NaLn(C03)2. The amount of aqueous Ln3+ decreases compared with that 

calculated using the Lee & Byrne (1993) aqueous carbonate constants, therefore 

the solubility product also decreases. The total lanthanide solubility is 

independent of the C032" activity in solution (equation 7.21), when NaLn(C03)2 

is in equilibrium with Ln(C03)2 . If Ln(C03)33" forms, then the NaLn(C03)2 

solubility will increase in equilibrium with this aqueous phase (equation 7.22) 

NaLn(C03)2 = Na++ Ln(C03)2 (7.21) 
NaLn(C03)2 +C03 2- = Na+ + Ln(C03)33' (7.22) 

The most significant effect of the reappraisal using the NEA 9 database is on 
NdCO3OH. The NdCO3OH stability field increases significantly to the exclusion 

of the Nd2(C03)3 and NaNd(CO3)2 phases (Figure 7.3). The exclusion of the 

NaNd(C03)2 and the Nd2(C03)3 phases from the stability field diagram is a direct 

result of a calculated significant increase in the stability of the NdCO3OH phase. 

The increase in the proportion of aqueous carbonate phases (i. e. Nd(C03)33), 

decreases the activity of Nd3+ in the high pH regime that was in equilibrium with 

NdCO3OH. When the tricarbonate aqueous species (i. e. Nd(C03)33) is dominant 

there is also a relative increase in the solubility of the Nd phase NdCO3OH, from 

the reaction shown in equation 7.23, compared to that if Nd(C03)2 was the 

dominant aqueous phase. 

NdCO3OH + 2CO32" = Nd(C03)33' + OH" (7.23) 

The solubility of NdC030H is also increased by the stability of the Nd(OH)2+ 

aqueous species (equation 7.24), resulting in the complete exclusion of NdOH2+ 

as a major aqueous species. 

NdCO3OH + OH"=Nd(OH)2++ 0032- (7.24) 

The value of the EuCO3OH solubility product does not change as EuCO3OH was 

experimentally formed in less than 10mM TIC solutions. The Lee & Byrne 
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(1992) hydrolysis constants were used to calculate the EuCO3OH solubility 

product in both databases. The EuC030H stability field can only expand in two 

ways to: either the EuCO3OH must have a lower solubility product than 

suggested from this work, or the Eu2(C03)3 and Eu(OH)3 phases are less stable 

than predicted from this study (e. g. by decreasing the Eu2(C03)3 solubility 

product as shown in Figure 7.4). 

Nd2(C03)3 and Eu2(C03)3 form in equilibrium with Ln3+, LnC03+ and Ln(C03)2 

which are largely unaffected between the databases. The values of the 

Ln(OH)30(aq) formation constant is also similar throughout all the aqueous 
databases examined, therefore the Ln(OH)3(s) stability field is largely unchanged 
between each set of stability constants for Nd and Eu. 

The stability field diagrams (Figures 7.3 and 7.4) clearly indicate inconsistencies 

between the experimental data and the solubility products calculated using the 

NEA 9 database, including a Ln(C03)33" aqueous species. The NdCO3OH 

stability field calculated from a log Ksp -22.96, eliminates all other carbonate 

phases even though the recalculated NaNd(C03)2 solubility product would 

indicate a larger stability field. 
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Figure 7.4 Nd solid-solid and aqueous-aqueous stability field diagram. 

Solubility products recalculated to include Nd(CO, ), ' (aq) from this work 
(solution data, Appendix 4) and NEA 9 aqueous association constants 
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7.5 The variations in lanthanide stability fields and solubility from the range 

of solubility products in the literature 

The main variation between the literature solubility products (Table 4.7) is the 

stability of the Ln(OH)3 solid phase, which has a log Ksp range from -21.41 to - 
27.04 in this work and Rao et al., (1996a) respectively for Nd. The range in the 

Eu(OH)3 solubility products has a similar magnitude of between -22.79 and - 
26.54 in this work and Diakonov et al., (1998b) respectively. Ln(OH)3 may 

originally crystallise as an amorphous phase, which crystallises over time. The 

carbonate and hydroxy carbonate phases have a much smaller range of solubility 

products and a set of "modal" solubility data from this study and literature sources 

as shown in Table 4.7 is given in Table 7.5 

Table 7.5 Summary of "modal" solubility products derived from Table 4.7 

Solid phase Nd Eu 

log Ksp iGf /KJmol" log Ksp OGf /KJmol" 

NaLn(C03)2 -21.35 -2111.21 -20.48 -2008.74 
Ln2(C03)3 -33.7 -3119.25 -33.0 -2920.25 
LnC030H -19.9 -1470.30 -20.1 -1373.94 
Ln(OH)3 -21.9 -1268.26 -22.8 -1175.33 
Ln(OH)3(cr) -27.04 -1297.37 -26.54 -1196.68 

Stability field diagrams can be constructed using the data from Table 7.5, to 
directly compare the effects of Ln(OH)3 crystallinity and any variation between 

other stability constants (Table 4.7) 

The stability field diagrams shown in Sections 7.4 and 7.5 indicate that the area 

of each stability field on a pH vs log [TIC] diagram and the actual solubility 
limiting phase depends on the relative differences between the solubility products 
for each phase. The stability region that each phase controls does not however 

determine the actual total lanthanide solubility. Predictions for the solubility of 

the Nd and Eu carbonate and hydroxide phases in 1 mM to 10mM TIC solutions 

295 



can be between 104M to 10'8M at pH 6 and up to 1OM to 10'12M total aqueous 
lanthanide at pH 12 depending on the chosen solubility products. 
Nd solubility and stability field diagrams (Figures 7.6 - 7.9 & Appendix 7.8 - 

7.10) 

The variation in solubility products presented in Tables 4.7,7.4 and 7.5 has a 

significant effect on the stability fields of the four types of phase examined in the 
Na-Nd-TIC-pH system when compared with the stability fields found in this 

work, (Chapter 4 and Appendix 7.8-7.9). The NaNd(C03)2 stability field is least 

effected and only increases slightly at the expense of Nd2(CO3)3 and NdCO3OH 

(Figure 7.6). The amount of carbonate required for the Nd2(CO3)3-NdCO3OH 

stability field boundary also increases, effectively reducing the area of the 

Nd2(CO3)3 stability field and extending the NdCO3OH stability field. The main 

effect is however the size of the Nd(OH)3 stability field. 

When stability field diagrams are constructed directly from the data in Table 7.5, 

two stability field systems are immediately apparent (Figures 7.6 and 7.7). When 

Nd(OH)3 is relatively amorphous (this work, log Ksp -21.9), even after 

equilibrium for 3 months, there are four solid phases in the system (Figure 7.6). 

Nd2(CO3)3 alters to NdCO3OH then Nd(OH)3 as the hydroxide activity in solution 
increases. NaNd(C03)2 is the stable phase at high carbonate activities and 
intermediate pH. If there is a significant increase in Nd(OH)3 crystallinity (Rao et 

al., 1996b, log Ksp -27.04, Figure 7.7), then NdCO3OH is eliminated from the 

stability field diagram. The Nd2(CO3)3-NdCO3OH stability field boundary is at a 

higher carbonate activity than the NdCO3OH boundary. The crystalline Nd(OH)3 

phase also restricts the NaNd(C03)2 stability field at high pH. 

If all the proposed Nd solubility products are taken at face value and the solubility 

calculated using the Lee and Byrne (1992 & 1993) aqueous species constants then 

even though there is a smaller range in solubility products proposed between the 

Nd2(CO3)3i NdCO3OH and NaNd(C03)2 phases than for Nd(OH)3 there is still a 

large difference in the predicted Nd solubilities between the solubilities of the 
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modal solubility products (Figure 7.8) and the extreme values (Figure 7.9, 

Appendix 7.10). The most soluble Nd phases found in the literature predict that 

in ImM Na+ and TIC solutions (Figure 7.9), NaNd(C03)2 will not form as a 

solubility limiting phase. Nd2(C03)3 converts directly to NdCO3OH at pH 7 and a 

total aqueous Nd concentration of approximately 3x104M. NdCO3OH is the 

solubility limiting phase between pH 9 and 12, with a solubility minimum ([Nd] 

= 3x10-6M) at pH 11.5. Nd(OH)3 forms the solubility limiting phase above pH 
12. The least soluble solubility products (Figure 7.9) predict that NdCO3OH 

would be the solubility limiting phase between pH 5 and pH 9.5, followed by 

Nd(OH)3 above pH 9.5. The Nd(OH)3 solubility is predicted to be as low as 10" 
11M Nd. Nd2(CO3)3 would not be expected to form. 

If the aqueous Na+ and TIC concentrations are increased to 10mM (Appendix 

7.10), then NaNd(C03)2 will become a solubility limiting phase 

([Nd] = 2x10'6M) only if the most stable NdCO3OH phase cannot form. 

However the solubility of NdCO3OH and Nd(OH)3 will increase from that of 

ImM TIC solutions when aqueous Nd carbonate species are dominant. There is a 

range of 3 log units in the Nd2(CO3)3 solubility product, which increases the Nd 

solubility minimum by approximately one and half orders of magnitude(from 

[Nd], o,,, I 5x10'7 M to 1x10'5M) which does not vary significantly if the aqueous 

TIC concentration is increased from 1mM to 10mM. 

The range in the solubility products that can be found in the literature may be due 

to the experimental method of the solubility determination. Solubility products 

calculated from phases that have precipitated directly from solution, may reflect 

either the kinetic phase or a less crystalline form, whilst phases formed under 

extreme conditions may reflect the thermodynamically stable phase. However the 

Nd(OH)3 phase calculated from this study (Chapter 4, log Ksp -21.9), was 

calculated after an equilibrium period of greater than 3 months, the time period 

usually required to ensure the system is in chemical equilibrium. The most 

extreme crystal forms of Nd(OH)3 (e. g. Rao et al., 1996, Diakonov et al., 1998a) 

may not be able to form in dilute solutions either by direct precipitation of an 
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initially amorphous Nd(OH)3 phase or the solid state reaction from another 

kinetically favourable phase, e. g. NdCO3OH. The titration experiments (Chapter 

3 and 6), indicate that in carbonate solutions the solid phase changes with an 

evolving solution composition initially from an amorphous Nd2(C03)3 phase, 

which will start to crystallise in less than two hours if allowed to stand, to either 

the solid NaNd(C03)2 or NdCO3OH phases (but not Nd(OH)3) almost 

immediately if pH increases to above pH 9. A direct phase change to Nd(OH)3 

could only be observed in sulphate bearing, carbonate free solutions. The low to 

intermediate pH phase, Nd2(OH)4SO4, can be seen to alter to a relatively 

amorphous solid Nd(OH)3 phase above pH 10. The initial solid phase reaction in 

equilibrium with a solution is therefore rapid, however complete crystallisation to 

the most thermodynamically stable phase, especially for the hydroxide phase 

may not actually occur in relatively dilute (i. e. less than 0.1M) solutions. 
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Figure 7.6 Stability field diagram for the Na-Nd-TIC-pH system 

at 298.15K and 1 atm pressure [Na ] =1mM 
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Figure 7.7 Stability field diagram for the Na-Nd-TIC-pH system 
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Figure 7.8 Nd solubility in IInM Na and 1mM TIC solution 

calculated from modal solubility products (Table 7.6) using aqueous data from 
Lee & Byrne (1992 & 1993) at 298.15K and 1 atin pressure 
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Figure 7.9 Nd solubility in 1mM Na and 1mM TIC with various 
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Eu solubility and stability field diagrams (Figures 7.10 - 7.13 & Appendix 7.11- 

7.13) 

The variation in the stability of EuCO3OH and Eu(OH)3 (Table 7.5) has a 

comparable effect on the europium stability field diagrams as reported for the Nd 

system. The EuCO3OH solubility product found in this work (log Ksp -18.62), 
results in a very narrow stability range even when Eu(OH)3 is formed by 

precipitation from a dilute solution (this work, log Ksp -22.8) and consequently is 

only slightly crystalline (Appendix 7.11). Increases in the Eu(OH)3 crystallinity 
(Diakonov et al., 1998b, log Ksp -26.54) eliminate EuCO3OH as a solubility 
limiting phase. This study predicts EuCO3OH to have a similar solubility as 
AmCO3OH (NEA 9, log K -5.70) and AmCO3OH is not predicted to be a 

solubility limiting phase under any conditions in the NEA 9 database (Figure 7.1). 

If the solubility of Eu2(C03)3 is increased to the most soluble literature value 
(after Runde et al., 1992, log Ksp -31.78) then the EuCO3OH stability field will 
increase (Appendix 7.12), although the highly soluble EuCO3OH phase (This 

work, log Ksp -18.62) will still be eliminated as a solubility limiting phase by the 

most crystalline Eu(O11)3 phase. 

Increasing the EuCO3OH solubility product to log Ksp -20.1 (Runde et al., 

1992), predicts that EuCO3OH will be a major phase in equilibrium with 

amorphous Eu(OH)3 (Figure 7.10) and will even form with a narrow stability field 

when Eu(OH)3 is crystalline (Figure 7.11). NaEu(C03)2 is the stable phase at 

slightly higher carbonate activities than the equivalent NaNd(C03)2 analogue, 

and can form in equilibrium with 1mM Na+ solutions which have a carbonate 

concentration above 0.1M TIC. 

The solubility of the modal Eu phases can vary significantly from the most 

soluble and least soluble extremes (Figures 7.12 & 7.13). The Eu solubility, 

predicted by the most soluble solubility products (Figure 7.13), predicts that there 

will be three solubility limiting phases between pH 4 and 14. In 1mM Na+ and 

TIC solutions, Eu2(CO3)3 is the solubility limiting phase below pH 9, EuCO3OH 
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between pH 9 and 11.5 and total aqueous Eu concentrations of approximately 
lxl0"SM, followed by Eu(OH)3 above pH 10.5, with [Eu] at lxlO4M. If the Na+ 

and TIC concentrations are increased to 10mM (Appendix 7.13) then NaEu(C03)2 

is predicted to be the solubility limiting phase in the mid-pH region from pH 7.5 

to 11([Eu] lxlO 5M) as the solubility of EuCO3OH increases with increasing 

carbonate activities, and NaEu(C03)2 solubility decreases with increasing Na+ 

activity. The other extreme, calculated from the least soluble solubility products, 
indicates that there are only two solubility limiting phases in 10mM and 1mM 

TIC and Na+ solutions. Eu2(C03)3 alters to Eu(OH)3 at pH 9 in 1mM TIC 

solutions and pH 9.5 in 10mM TIC solutions. 

There is a similar range in Eu2(CO3)3 solubility products as for Nd (Table 7.6, 

Appendix 7.14 & 7.15). Increasing the TIC concentration from 1mM to 10mM, 

does increase the EuCO3OH solubility, but does not significantly change the 

Eu2(CO3)3 solubility, although there is an increasingly prominent Eu solubility 

minimum in equilibrium with Eu2(C03)3 at pH 6.5 -7 as TIC increases. 

The most significant difference in Eu solubility products is as for Nd, between 

the various Eu(OH)3 solubility products. Above pH 11.5, Eu(OH)3(S)solubility 

is independent of the carbonate concentration and pH. The total aqueous Eu 

ranges from 10-6M to 10'10M (log Ksp -22.79 this work and -26.54 Diakonov et 

al., 1998b respectively). If Eu(OH)3 initially precipitates as amorphous, then the 

three phases NaEu(C03)2, EuC030H and Eu2(C03)3 are likely to form below pH 

10 in the appropriate Na+ and C032" solution conditions. The intermediate pH 

phases EuCO3OH and NaEu(C03)2 may however be replaced as Eu(OH)3 

crystallises further. 

The wide range in the predicted solubility of Eu, is similarly controlled as Nd, 

by the wide range in the proposed solubility products that is available in the 

literature. A definite prediction of the solubility limiting phase under specific 

conditions cannot be made from a review of all the literature data alone, which 
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can be seen to be contradictory, if all the relevant solid phases and aqueous 

species are to be considered together. 

Figure 7.10 Stability field diagram for the Na-Eu-TIC-pH system 

at 298.15K and 1 atm pressure [Na ]= 1mM 
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Figure 7.11 Stability field diagram for the Na-Eu-TIC-pH system 
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Figure 7.12 Eu solubility in 1mM Na and 1mM TIC solution 
calculated from modal solubility products (Table 7.6) using aqueous data from 

Lee & Byrne (1992 & 1993) at 298.15K and I atm pressure 
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Figure 7.13 Eu solubility in 1mM Na and 1mM TIC solution with various 
solubility, products (Table 4.7) Lee & Byrne (1992 & 1993) aqueous data 
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Ce solubility und stability field diagrams (Figures 7.14 - 7.15 c Appendix 7.14 - 
7.151) 

There is a similar discrepancy in calculating the CeO2 solubility as the predictions 

of Nd(OH)ý and Eu(OH)3 solubility. The CeO2 hydrolysis constant in this study 

(log K 30.66), is significantly more soluble than other published values (e. g. 

Baker et at., 1971, log K 21.12). This could suggest that CeO2 also precipitates 

initially as an amorphous phase then slowly crystallises. The more amorphous 

CeO2 phases were produced by measuring the solution conditions that the CeO2 

precipitated under after 2 to 3 months, whilst the most crystalline examples were 

formed from more rigorously aged crystals in concentrated solutions, before 

measuring the heat capacity of the resulting aged crystals. 

Figure 7.14 Stability field diagram for the Ce-pH-pe system 
[TIC] =1 mM 298.15K and I atin pressure 
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A pe vs pH diagram (Figure 7.14) predicts that by altering the CeO2 solubility 

constant from log K 30.66 to 21.12, could decrease the pe required for the phase 

change from Ce2(CO3)3 to CeO2 by I Ope units. At high pH Ce2(CO. 1), would also 

alter to Ce(OH)3 in sufficiently reducing conditions (to inhibit Ce3+ oxidation to 

Ce4 ). The Ce(OH)3-CeO2 stability field boundary is independent of the 

305 



carbonate concentration and could be as low as pe -10, when in equilibrium with 

crystalline CeO2. However the Ce(OH)3 solubility product is also likely to be 

dependent on crystallinity, therefore the Ce(OH)3 solubility would decrease with 

time, which will have an effect on the Ce02-Ce(OH)1 stability field boundary. 

If Ce(OH)3 has a log K of 19.9, then Ce(OH)3 is likely to form under low 

carbonate conditions in equilibrium with an amorphous CeO, phase, under most 

environmental pe conditions i. e. between pe ±1. Ce(OH)3 could form at up to pH 

11.75, and 10-2M TIC solutions (Appendix 7.12). However if CeO2 is more 

crystalline (log K 21.12), then Ce(OH)3 would not form above pH 4 (Appendix 

7.13). The Ce02-Ce(OH)3 stability field boundary between pe±l would be 

between pH 2 and 3. The total Ce solubility under these low pH conditions would 

be very high i. e. above 0.1 M. 

Figure 7.15 Ce solubility in Im M Na and TIC 
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In ImM Na+ and TIC solutions between pe ±1, the minimum Ce2(CO3)z 

solubility is between 10-7M and 10-8M Ce in 1 mM TIC, between p116 and 11. 

At high pH the solubility of CeO, (s) continues to fall (even when in equilibrium 
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with Ce(OH)30(aq)) down to 10-20M Ce at pH 12. These concentrations are 

substantially below those predicted by the most crystalline Nd, Eu and Am 

hydroxides, and lower than most analytical detection levels. 

Baker et al., (1971) calculated their CeO2 solubility constant from heat capacity 

measurements of aged crystals, rather than solubility measurements in relatively 
dilute solutions. 

7.6 Lanthanide solubility in geochemical solutions 

The modelling process can be used to predict the lanthanide and americium 

solubility under specific conditions in more complex real solutions. Groundwater 

solutions typically contain carbonate, sulphate, phosphate, nitrate, chloride and 

fluoride anions, each of which may influence the solubility of lanthanides or 

actinides. The major cations will not directly control the lanthanide solubility but 

will affect the activity of the anions in solution. 

Wood (1990a) suggested four anionic groundwater compositions that would 

include the composition range found in most geochemical regimes (Table 7.6, 

which include a modal groundwater, high phosphate/low sulphate, high 

fluoride/low sulphate and high carbonate/low sulphate solutions), which would 

determine the aqueous lanthanide speciation over the entire pH range. The nitrate 

and chloride composition does not control the formation of any of the solubility 

limiting phases, however the C032", S042", P043", and F activities all influence 

the solubility limiting phase between pH 4 and 14. In groundwater systems the 

two anions F and P043", will influence lanthanide solubility especially at low pH, 

when carbonate and hydroxy phases are highly soluble. The F and P043" ions are 

however dependent on the solubility and quantity of specific trace minerals (e. g. 

apatite) in the host rock and may not be present in significant quantities to 

influence the bulk aqueous groundwater composition. 
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When each of the Nd phases are put in equilibrium with Wood's (1990a) modal 

groundwater and include the solubility products for NdF3 and NdPO4 (after 

Menard et al., 1998), predict NdPO4 as the solubility limiting phase over the pH 

range 4 to 9.5, if a very crystalline Nd(OH)3 phase forms, or from pH 4 to 11.5, 

if a less crystalline Nd(OH)3 phase occurs (Figure 7.16a). The NdF3 phase is also 
less soluble than the solid carbonate (Nd2(CO3)3) phase below pH 7.5. All three 

other groundwater compositions also predict NdF3/NdPO4/Nd(OH)3 as the only 

solubility limiting phases (Appendix 7.16). 

Table 7.6 Groundwater compositions after Wood (1990a) 

Anion Modal high phosphate 
low sulphate 

high fluoride 
low sul hate 

high carbonate 
low sulphate 

carbonate 10-4M 10-4M 104M 10' M 

sulphate 10-4M 10-6M lO M 10M 

phosphate 10 0.01M 10 M 10 

nitrate lO M 104M 104M 10-4M 

chloride 2x10 M 2x10 M 2x10 M 2x10 M 

fluoride 10 10M 10 M 1016M 

If F and P043- ions are not present in solution, there are four initial solubility 

limiting phases Nd2(CO3)3, NdCO3OH, Nd2(OH)4SO4 and Nd(OH)3 between pH 

4 and 14. The initial precipitates indicate that there is a decrease in Nd solubility 

from pH 4 to a solubility minimum at pH 10 (10"7M total aqueous Nd), then a 

slight increase in Nd solubility from pH 10 to 11.5, above which Nd solubility is 

independent of pH (Figure 7.16b). The less crystalline Nd(OH)3 phase represents 

the initial amount of Nd that can be removed from solution within 3 months. Any 

slight decrease in the sulphate/carbonate ratio either by increasing the carbonate 

activity or decreasing the sulphate will eliminate Nd2(OH)4SO4 as a solubility 

limiting phase. If Nd(OH)3 can form as a very crystalline phase, then Nd2(C03)3 

is predicted to convert directly to Nd(OH)3 above pH 7, and there will be a Nd 

solubility minima above pH 10.5 of between 10"'M to 10'12M total aqueous Nd. 

An increase in the carbonate concentration from 104M to 10-3M will increase the 
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pH of the NdCO3OH solubility minima from pH 10 to pH 11, or increase the pH 

of the Nd2(CO3)3-crystalline Nd(OH)3 equilibrium from pH 7 to pH 8. 

Cerium converts directly from Ce2(CO3)3 to CeO2 under the same solution 

conditions (Appendix 7.17), however the solubility minimum is significantly 
lower at high pH. In a solution of pe 0, the initial CeO2 precipitate is in 

equilibrium with 10"9M Cc at pH 12, but this may decrease to 10'18M aqueous 

cerium if the most crystalline Ce02 solubility products are correct. Increasing the 

carbonate concentration from 104M to 10"3M also increases the Ce2(C03)3-Ce02 

equilibria by half a pH unit. 
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Figure 7.16a Nd Solubility in modal groundwater (after Wood, 1990a) 
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Plutonium (some of which will decay to Am) is considered as Intermediate Level 

Waste or as smaller quantities within Low Level Waste (Chapter 1), therefore, it 

will be disposed of in a concrete based grouted system, and not as a phosphate 
bearing glass. Solid americium and lanthanide phosphates are therefore unlikely 

to occur and be able to limit aqueous lanthanide transport away from the waste 

repository. If the elements Am, Ce, Nd and Eu are placed in equilibrium with a 

series of solutions (Table 7.7), their solubility limit and solubility limiting phases 

can be determined under these specific single composition conditions. A 

comparison can therefore be made between the solubility and the stable phase for 

each of the elements examined (Table 7.8). 

Table 7.7 Solution compositions 

Groundwater Vault Trench 

TIC/M 5.36x10 3.27x10" 2.83x10" 

S04/M 3.96x10 3.09x10 1.09" 

CUM 1.34x10" 4.43x10 5.0x10" 

Na/M 1.36x10' 1.09x10' 3.00x10' 

KIM 5.24x10 4.68x10 

Ca/M 2.01x10' 6.04x10 2.85x10" 

Mg/M 7.94x10 8.23x10 6.00x10 

Fe/M 1.03x10 

H4SiOiM 1.61x10 

pH 7.35 11.4 7.3 

pe -0.74 
'Randall, M., (1998) Personal communication 
2Kelly, E., (1996) Personal communication 
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Table 7.9 Lanthanide and Am solubility and solubility limiting phases in various 

solutions (Solution compositions Table 7.7), indicating the differences in the 

solubility limiting phases for proposed variations in crystallisation occur. 
(calculated using Lee & Byrne 1992 and 1993 aqueous constants for Ce, Nd and 
Eu NEA9 aqueous constants for Am). 

Solution M Am Ce Nd Eu 

Groundwater i Phase Am2(CO3)3 Ce2(C03)3 Nd2(C03)3 Eu2(C03)3 

log Ksp -33.4 -36.04 -33.7 -32.99 
[M(aq)]. r,, l 8.1x10' 2.3x10 7.7x10" 3.4x10 

ii Phase AmC030H 

log Ksp -21.20 
[M(aq)]/M 2.4x10" 

Trench i Phase Am2(C03)3 Ce2(C03)3 Nd2(C03)3 Eu2(C03)3 

log Ksp -33.4 -36.04 -33.70 -32.99 
[M(aq)]cotai 1.2x10 2.8x10 8.4x10" 3.7x10 

Phase AmC030H 
log Ksp -21.20 

[M(aq)]/M 2.8x10" 

Vault i Phase Am(OH)3 CeO2 Nd(OH)3 Eu(OH)3 

log Ksp -26.6 '21.12 

- - 
-27.04 -26.54 

[M(aq)]ýý1 1.5x10' 0 'nr 5.7x10" LRIO-10 

Vault ii Phase 'CeO2 NdC030H Eu(OH)3 
log Ksp 30.66 -19.94 -22.79 

[M(aq)]tthi 2.5x1 0' 2.9x 10" 7.1 x 10' 
TCe02 solubility as log K 

/, solubility assuming the most extreme (thermodynamically) solubility limiting phase predicted 
(Nd and Eu Table 7.5, Cc Table 7.2, Am Table 7.3) forms in equilibrium with the 

solution 

ii, solubility assuming the most extreme (kinetic) solubility limiting phase predicted (Nd and Eu 

Table 7.5 Ce this work, Am Table 7.3) does not form in and a kinetic solubility limiting 

phase forms 
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There is a general broad agreement between the solubility of Am, Nd and Eu, 

although this agreement does depend on the selection of solubility products 

available. The most significant difference occurs when there may be a dispute 

over the actual solubility limiting phase for those specific conditions (e. g. Table 

7.8, rows i kinetic phase and ii thermodynamic stable phase). 

Solubility calculations for Ce, Nd and Eu under the same solution conditions 
indicate that the smaller lanthanides are more soluble than the larger lanthanides, 

i. e. Eu is more soluble than Nd, which is more soluble than Ce. 

In the high pH environment (pH 11.4), the maximum solubility would be limited 

by either a hydroxycarbonate or hydroxide phase, with Nd and Eu concentrations 

between 2x10'7M and 7x10-7M . If the hydroxide phase could crystallise fully, 

then the maximum Am, Nd and Eu solubility could be reduced to between 10- 

10M and 10"'2M. There is a larger range in the Ce solubility between the most 

initial and most crystalline CeO2 phases of 104M to 10'18M total aqueous cerium. 

The pe of the system would reduce in enclosed systems, as biodegradation 

produces a reducing system. The solubility of CeO2 would therefore increase 

from that found in an open system even if CeO2 does not convert to Ce(OH)3. 

Aqueous transport away from the repository will follow a pattern of dilution and 

dispersal throughout the groundwater system. The most significant factor will be 

a reduction of the solution pH to near neutral values. The hydroxide activity is 

therefore too low to form even the most crystalline hydroxide or CeO2 phases. 

The carbonate phase will be the solubility limiting phase with between 10'6M and 
10-8M aqueous Am, Ce, Nd or Eu. If the most crystalline hydroxide phases do 

not form, the solubility limit will remain between 10-6M to 104M between pH 7 

and 12, with a solubility minimum between pH 10 and 11.5, although the actual 

solubility limiting phase will change with pH (Appendix 7.18). 

The trench solution is a simulated solution representing the earliest disposal 

processes of infilled trench systems (now discontinued). The lanthanide solubility 
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in these systems is similar to the groundwater systems of between 10"8M to 10 6M 

aqueous lanthanide, when in equilibrium with the solid carbonate. 

7.7 Summary 

The solid phases determined from the titration experiments show four solid 

phases are present in the Naa-CO32"OH" system NaLn(C03)2, Ln2(CO3)3, 

LnCO3OH and Ln(OH)3 for Nd and Eu, Ce2(CO3)3 and CeO2 were the only two 

phases identified in the Ce system below 0.1M solutions. NaCe(C03)2, 

KNd(C03)2 and KEu(C03)2 were identified at higher concentrations. Solubility 

products derived from batch experiments and solution analysis relies on the actual 

species activities determined from PHREEQE and therefore determined by the 

choice of aqueous species. Investigations between aqueous speciation databases 

predict there is a decrease in the NaNd(C03)2 solubility product by 0.5 log units 

when calculated by using the Lee & Byrne data and NEA9 databases if 

Nd(CO3)3 3' is present and identical to the Am value (Rao et al., 1996a). The 

C032' activity and pH of the system are the dominant factors which determine the 

solubility limiting phase and hence the actinide and lanthanide solubility limit of 

aqueous systems. 

The crystallisation period to a significantly less soluble Nd(OH)3 and Eu(OH)3 

phase, to replace NaLn(C03)2 or LnC030H at intermediate pH, will take longer 

than 3 months if precipitated from a dilute solution. If the lanthanides are truly 

analogous to the actinides then this process is unlikely to significantly affect the 

long-term crystallisation of Am(OH)3 and Cm(OH)3. Am and Cm ions destabilise 

their crystal structures by a-particle emissions (Silva et al., 1995), therefore the 

significantly low An(OH)3 solubilities may not form over long time periods. 

Variations in hydroxide crystallinity control solubility at high pH and reflect the 

large variations in literature data i. e. log Ksp -27.0 to -22.0 from Rao et al., 

(1996b) and Morss et al., (1989) respectively. This decrease in Ln(OH)3 

solubility, would effectively eliminate the hydroxycarbonate as a solubility 

limiting phase between pH 8 and 11, which would be replaced by a Ln2(C03)3- 
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Ln(OH)3 solid phase equilibrium, if the crystallisation process can continue to 

these extreme extents. 

There are no published values for Nd(C03)33' and Eu(C03)33' association 

constants and there are major discrepancies between each data source for the 

other carbonate and hydrolysis association constants for each individual 

lanthanide. A complete series of solid phase and aqueous relationship cannot be 

exactly derived to compare if Am does fit into a trend from Ce-Nd-Am-Sm-Eu 

based on the slight variations in ionic radii between the elements. Despite these 

variations, the difference in the solubility of Nd and Am phases (of up to 1 log 

unit) is less than the variations between Ce, Nd and Eu phases (of up to 2 log 

units) if the appropriate aqueous databases are utilised. The solubility 

calculations by PHREEQC and all the phase relations are however entirely reliant 

on the use of a consistent set of aqueous association constants for solubility 

predictions and the initial calculation of any solubility products from solution 

compositions. 

The calculated solubility limits of the lanthanides and Am, between 10$M to 

104M, especially in near-neutral pH solutions, are significantly higher than the 

concentrations that would cause a significant hazard to health (Chapter 1). The 

insolubility of the crystalline hydroxide phases cannot be relied on to inhibit 

aqueous transport after release by the host matrix, as the most extreme crystal 

phases may not form. A second mechanism i. e. sorption to solid mineral surfaces 

in the host matrix must also be considered, which will inhibit lanthanide and 

actinide mobility from any repository system. 
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Chapter 8 

The Removal of REE from 

Solution below the Solubility Limit 
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8.1 Introduction 

The solubility limit controls the maximum amount of an ion that will remain in 

solution in equilibrium with a solid phase under equilibrium conditions. This is 

typically above 10"7M for the lanthanides. However these concentrations are 

above the permitted levels required by radiological safety regulations (Table 1.1, 

ICRP 1979). 

In addition to mineral precipitation reactions, metal ions can be further removed 
from solution by adsorption to mineral surfaces. Even though oxide, 

oxyhydroxide and hydroxide minerals comprise a small component of soils and 

sediments compared with the quartz, silicates and clay minerals, their high 

surface area and reactive surfaces accomplish a significant proportion of the entire 

sorption capacity of soils and sediments (Fendorf and Fendorf, 1997). Iron 

minerals form the dominant proportion of oxide and oxyhydroxide minerals 

though Mn and Ti oxides are also important. Iron oxy phases are efficient 

scavengers of metal ions including the REE and the transition metals Cd, Co and 

Zn from river and seawater systems. Various studies such as that by 

Koeppenkastrop and Decarlo (1993) have shown that uptake of lanthanides from 

solution onto metal oxides is rapid and almost complete (above 99%) between 20 

minutes and 2 hours. 

There are mechanisms, dependent on the aqueous solution composition, which 

may reduce the amount of aqueous lanthanide that can be removed from solution 

by sorption processes. Sorption processes occur from the electrostatic 

interactions between aqueous ions and a charged surface as three types of 

reaction, simple adsorption from solution onto a charged surface, ion exchange 

reactions between adsorbed ions and aqueous species or the complete absorption 

of an aqueous ion into a mineral phase. The surface of oxide minerals can be 

assumed to be a charged layer with replaceable H+ ions, which varies 

significantly with the solution pH. At low pH the oxide surface is likely to be 

positively charged (e. g. for goethite, FeOOH, the surface charge may be 
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considered as FeOOH2+ , and adsorbing anions (e. g. SO42, Karltun 1997), 

whilst at high pH, surface H+ ions are released into solution and the surface 

becomes negatively charged (e. g. as Fe00', Dzombaki & Morel, 1990) 

favouring cation adsorption. The precise structural and co-ordination 

arrangements between the mineral surface and adsorbed ions can be determined 

by sophisticated equipment (e. g. EXAFS analysis) but interactions are usually 

depend on the crystal structure of the surface (Vienema et al., 1996). 

Increased ionic strength will compete for surface sites or form aqueous lanthanide 

species, which could reduce the total lanthanide adsorbed. If other cations e. g. 

Cat+, are present in excess of the lanthanides, or even the number of surface 

sites, then a proportion of the lanthanides may be displaced from the surface by 

ion-exchange reactions. In addition the lanthanides are known to form a series of 

aqueous species, for example LnOH2+, LnCO3+ etc (chapters 4,5 & 7). The 

actual species distribution will be dependent on the total composition and pH of 

the reacting solution. The aqueous species reduce the charge of the lanthanide 

ion, which may even become neutral or negative (e. g. Ln(OH)3 and Ln(C03)1) 

and significantly increase the size of the aqueous species. Other mechanisms, 

such as the effects of organic molecules on mineral surfaces and mobile colloidal 

particles will also increase lanthanide mobility but will not be considered here. 

The dominant transport of lanthanides, Am and Cm in natural systems is actually 

through the mobility of particulates and not as dissolved ions (von Gunten & 

Benes, 1995). 

A series of sorption experiments have been designed to examine the effects of 

solution pH and ionic strength interactions with Ce, Nd and Eu below their 

solubility limits onto goethite as an example of a metal oxide surface. 

Goethite (aFeOOH) has been chosen as a typical oxide mineral for examination, 

as the crystalline phase can be consistently prepared and characterised and easily 

compared with other adsorption surfaces and adsorbing metals from literature 

sources. Goethite is a naturally occurring Fe-oxyhydroxide found in aqueous 
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environments from pH 3 (as an acid mine waste precipitate, Bigham et al., 

1996), in seawater (Ballistrieri & Murray, 1981) and can be precipitated from 

solutions at pH 12 (Atkinson et al., 1967). Goethite is therefore stable over a 

wide pH range, from the near field repository to far field environments, as a 

secondary mineral within soils and iron oxides and oxyhydroxides can be 

assumed to form as a possible alteration phase from the decomposition of the 

original host steel containers for nuclear waste within an engineered environment. 

8.2 Experimental 

The sorption experiments were carried out in 5 stages to characterise the 

adsorption of aqueous lanthanide ions onto goethite 

1. Preparation of a goethite solid phase 

2. determination of the rate of adsorption over time 

3. determination of the lanthanide adsorption limit to goethite 

4. the effects of pH upon adsorption 

5. desorption from aqueous complexes and competitive adsorption 

8.2.1 Preparation of Goethite 

Goethite was prepared following the method of Atkinson et at, (1967). 

Purple Fe(N03)3.9H20 (50g) crystals were dissolved in distilled water (800cm) 

to form a clear rust-brown coloured solution at pH - 2. A solution of KOH 

(2.5M, 200cm) was added to the Fe(N03)3 solution and an amorphous rust- 

brown precipitate was formed. The solution was stirred vigorously and the pH 

adjusted to pH 12.0 with NH3(aq). The solution and precipitate were kept at 60°C 

for 24hrs in a thermostated waterbath to age the precipitate to yellow coloured 

crystals. 

323 



The solution was decanted and the precipitate washed by soaking the crystals in 

1 dm3 of distilled water, stirring vigorously to remove any adsorbed KK or N03 

ions. The precipitate was allowed to settle and then the water was decanted. The 

precipitate was repeatedly washed with 10 further Idm3 portions. 

The precipitate was filtered off and the filtrate discarded. The iron oxide was 

oven dried at 120°C, crushed then sieved to a particle size between 180µm- 

250µm, any fraction less than 180µm was discarded. The sieved material was 

kept in a dessicator over silica gel to prevent water absorption. 

The precipitate was characterised by FTIR, XRD and TGA, and the surface area 

of the sieved sample determined with a NOVA-2000 BET Surface Area Analyzer. 

8.2.2 Goethite Characterisation 

Goethite was characterised by comparison with the XRD JCPDS powder 

diffraction pattern number 17-536 shown in Table 8.1 and the XRD pattern Figure 

8.1. The infra-red spectra (Figure 8.2) can be assigned from Table 8.2 after 

Panda and Das (1996). Oven drying removes any crystalline and adsorbed water 

from the crystals. 
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Figure 8.1 Powder XRD pattern of synthetic goethite (a-FeOOH) 

prepared in Section 8.2.1 
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Figure 8.2 F[TR spectrum of synthetic goethite (a-FeOOH) 

prepared in Section 8.2.1 
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Table 8.1 XRD characterisation of goethite( a-FeOOH) 

JCPDS 17-536 This work 

d(A) d( A) 20 
4.980 4.9707 17.830 
4.180 4.1875 21.200 
3.380 3.828 26.325 
2.690 2.6927 33.245 
2.580 2.5799 33.745 
2.520 
2.490 2.4877 36.075 
2.452 2.4484 36.675 
2.252 2.2503 40.035 
2.192 2.1871 41.245 
2.009 2.0302 44.595 
1.920 1.9223 47.245 
1.799 1.7953 50.820 
1.770 
1.721 1.7217 55.155 

1.7154 53.365 
1.694 1.6992 54.155 
1.661 1.6540 55.515 
1.606 1.6048 57.370 
1.564 1.5654 58.955 
1.509 1.5116 61.275 
1.467 1.4697 63.220 
1.453 1.4543 63.965 
1.418 1.4203 65.685 
1.392 1.3942 67.080 
1.357 1.3577 69.135 
1.317 1.3199 71.410 
1.264 1.2907 73.285 
1.241 1.2651 75.015 

Table 8.2 Goethite (a-FeOOH) IR characteristic bands 

Panda &Das (1996) 
cm'' 

This work 
cm'1 

Fe-O-H bend 890/790 889/796 
Fe-O stretch 670/455/418 647/422 

O-H stretch 3108 
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The surface area was measured as 70m2/g for a sieved 180µm-250µm particle size 

fraction which gives a surface site density of 3.83pmols m"2 (Table 8.3) assuming 

there are 2.31 sites per nm2 available for adsorption reactions on the goethite 

surface (Dzombaki & Morel 1990). 

Table 8.3 Calculation of goethite (prepared in Section 8.2.1) surface site density 

(after Dzombaki & Morel 1990) 

Assuming 2.31 sites nm 

therefore 2.31 = 2.31 x1018 sites m2 

(1x10'9)2 

therefore the sites per surface area 

coolsm2 2.31x1018 = 2.31 x1018 
Avogadro's N° 6.022x1023 

=3.83x10-6 mols m'= = 3.83µmols m2 

and sites per unit mass for a surface area of 70m2/g 

70m2/g x 3.83pmols m-2 = 2.68x104 mols/g 
= 0.00027mols/g 

The point of zero charge (PZC) was not determined during this study, but has 

been previously determined at pH 7.8 by Atkinson et al., (1967) and Karltun 

(1997) 

8.2.3 The effects of surface area on sorption 

LnC13 (1x10"SM, 100cm3) was added to a batch of samples with a range of 

masses of goethite from 0.05g-0.5g in 125cm3 HDPE Nalgene bottles. The 

solution and goethite was stirred with a magnetic stirrer for 3 hours, then filtered 

through a Whatman No 4 sintered glass crucible. The filtrate was then analysed 

by FIA-UV for the total lanthanide content and spectrofluorimetry for Ce3+ 

determination. 
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8.2.4 Rate of adsorption 

LnC13 (1x10-SM, 100cm3) was added to 0.05g of goethite in a 125em3 HDPE 

Nalgene bottle. Each sample was stirred for a specific time to give a range of 

samples with reaction times from 30 seconds to 20 minutes, the pH was 

measured and then the suspension filtered. A sample was allowed to react for 2 

hours. The filtrate was analysed for the total lanthanide concentration by FIA-UV 

analysis. 

8.2.5 The effects of solution pH on adsorption 

A series of goethite (0.05g) samples were added to solutions of LnCl3 (2x1 O 7M, 

50cm) in 125cm3 HDPE Nalgene bottles. The Ln3+ was allowed to adsorb onto 

the goethite for two hours. After this time the pH of each solution was adjusted 

with either nitric acid or ammonia solution so that a series of solutions were 

prepared with different pH's from pH 4 to pH 11. The solution was allowed to 

equilibrate for at least 7 days in a thermostated waterbath at 25°C. The pH of the 

solution was measured and then the solution was filtered. The filtrate was 

analysed by FIA-UV and ICP-MS. 

8.2.6 The effects of ionic strength on adsorption 

A LnC13 (5x104 M) solution was prepared with either KHCO3 (0.1mM, 1mM, or 
10mM), K2CO3 (0.1mM, 1mM or 10mM) or CaC12 (0.1mM, 1mM or 10mM) in 

degassed distilled water. The LnC13 solution (50em) was mixed with goethite 

(0.05g) in 125cm3 HDPE Nalgene bottles and the pH adjusted to give a batch of 

samples with a pH range of pH 4 to pH 12 for each ion at each concentration. 

The solution-goethite samples were allowed to equilibrate for at least 7 days at 

25°C in a thermostated waterbath. The pH of the solution was measured then the 
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solution filtered through a Whatman N°4 sintered glass crucible. The filtrate was 

then analysed for the aqueous lanthanide concentration by ICP-MS. 

8.3 Results 

8.3.1 Uptake rate and surface saturation 

Uptake rate 

Preliminary results indicate that the uptake of Ce onto goethite is rapid and almost 

total, over 90% adsorption occurs within 60 seconds of the Ce3+ solution being 

exposed to the goethite surface (Figure 8.3). The initial uptake did not vary 

significantly over a3 hour period. The determination of the uptake rate at less 

then 60 seconds was difficult as the time required to measure the solution pH and 

transfer the sample to a sintered glass crucible and filtering time was 

approximately 40 seconds. 

Figure 8.3 Timed CeC13 (50cm', 5x104M) adsorption onto goethite (0.2g) 
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Surface saturation and distribution coefficient (Kd) 

The total uptake of Ce3+ from a 50cm3,10'5M CeC13 solution, appears to be 

independent of the mass of goethite at equilibrium when there is between 0.05g 

and 0.5g of goethite (Figure 8.4). A total of 85% to 95% of the total aqueous Ce 

had been removed from the solution for samples containing between 0.05g and 
0.5g of goethite. 

When the distribution coefficient (Kd, equation 8.1) is calculated for the same 

experimental data as Figure 8.4 (Appendix 8.2, Figure 8.5), there appears to be 

a slight drop in the log Kd from a maximum log Kd of 5.5 to a minimum log Kd 

of 4.2 as the mass of goethite in the sample increases. The average log Kd is 4.88 

with a standard deviation of 0.42. 

__ 
Concentration REE on solid phase (mols g-1) 

_ i Kd 
Concentration REE in aqueous phase (mols ml-1) - 

mlg- (8.1) 

The slight decrease in the Kd is probably due to less efficient mixing of the 

goethite with the Ce solution, from the significant increase in the volume of the 

solid phase over a mass range of 0.05g"0.5g of goethite. The maximum Ce 

uptake onto the smaller surface volumes suggests that the surface was not 

saturated with respect to lanthanides. 

A small volume of the solid phase (0.05g) is capable of efficiently extracting at 

least 90% of the aqueous REE. The small volume of solid phase ensures that 

there is efficient mixing of the solid phase with the aqueous phase and rapid 

separation of the aqueous and solid phases during filtration. The goethite surface 

is probably not saturated with the adsorbed lanthanide, Ce, even when only 
0.05g of goethite was present. 
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Figure 8.4 The adsorption of Ce (10YSM, 50cm) onto various masses of a 
goethite surface. Solution pH 6-7.7 log K. 4.88±0.42 
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Figure 8.5 Distribution coefficient for the adsorption of Ce (16'M, 50cm ) 
onto various masses of a goethite surface. Solution pH 6-7.7 
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8.3.2 The effects of pH and ionic strength on Nd and Eu adsorption 

The pH of each initial batch of samples was adjusted with HNO3 or NH3, to form 

a series of samples with a regular increase in pH from pH 3 to pH 12. During the 

surface-aqueous equilibrium reaction the pH of the solution was buffered towards 

two distinct areas (Figures 8.6 and 8.7) each of which was associated with above 

90% adsorption of the lanthanides to the metal surface. The initial regular sample 

spacing was concentrated into one of these two groups either at pH 6.5 or pH 11. 

The uptake of Nd and Eu onto the goethite surface is pH dependent (Figure 8.6, 

Appendix 8.3). There is a sharp adsorption edge from pH 4.5 to pH 6, when 

adsorption increases from less than 10% towards 99%. After equilibrium, most 

samples initially set between pH 4 and 6, had increased in pH to between pH 6.5 

and 8. There was therefore relatively few samples along the adsorption edge, but 

a concentration at the top of the adsorption edge. 

Excess Ca2+ in solution 

A similar process occurred when Ca 2+ was added to the lanthanide solution 

(Figure 8.7, Appendix 8.4). A sharp adsorption edge between pH 4 and 6, was 

followed by two concentrations of sample groups of above 90% lanthanide uptake 

between pH 6.5-8 and pH 9.5 and 12. Excess Ca (up to 10mM) did not displace 

the lanthanides from the goethite surface. 

Excess C032' and SO42" in solution 

Carbonate solutions cannot be easily acidified to low pH, as C02(g) is released as 

the solution is acidified. The bottom of the adsorption edge could not be 

identified at low pH, however as Ln3+ is the dominant aqueous lanthanide species 

below pH 5 (Chapters 4& 7) in the lanthanide-carbonate system, then carbonate 

is unlikely to effect absorption at low pH. The high Nd uptake (90%) of two 

samples from a 1mM K2S04 solution at pH 4 (Figure 8.8, Appendix 8.8d), may 
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be the result of sulphate adsorption to the goethite surface at low pH also 

removing lanthanide-sulphate species from solution, or even a co-precipitation or 

surface alteration reaction to an iron-sulphate mineral (e. g. Jarosite or 
Schwertmannite). The sulphate adsorption edge would be expected to follow the 

opposite trend to the Nd adsorption edge, however further samples would be 

required for confirmation. Above pH 6, there was complete uptake of Nd onto 

the goethite surface. Sulphate ions are known to adsorb onto goethite surface 

sites (Karltun, 1997) under acidic conditions, with an adsorption edge from pH 
4 (above 90% adsorption) to pH 7 (less than 5% adsorption), therefore SO42' 

adsorption may affect Ln3+adsorption but only below pH 5, i. e. from acid mine 
drainage systems but not in intermediate to high pH engineered systems. 

Above pH 6, carbonate does not appear to effect Nd or Eu adsorption onto the 

goethite surface (Figures 8.8 & 8.9, Appendix 8.5 & 8.6 respectively), however 

there is a regular sample distribution from pH 6 to 12 associated with above 90% 

uptake onto the surface, and not the sample concentrations around pH 6.5 and 11 

as indicated by Figures 8.6 and 8.7. Carbonates are most likely to affect the 

sorption process between pH 7 and pH 10 when aqueous Ln(CO3), '-2x complexes 

are dominant in solution, however no direct evidence could be seen from this 

study. 
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Figure 8.6 The adsorption of the aqueous lanthanides Nd and Eu (50cm' ) 

onto a goethite (0.05g) surface 
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Figure 8.7 Competitive adsorption between the aqueous lanthanides, Nd and Eu, (50 cni) 

and Ca'- to a goethite surface (0.05g) with pH 
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Figure 8.8 The effects of aqueous species on the uptake of Nd (5x10-7M, 50 cm') 
onto goethite (0.05g) in carbonate and sulphate solutions 
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Figure 8.9 The effects of aqueous species on the uptake of Eu (5xI0'M, 50 cm`) 
onto goethite (0.05g) in carbonate solution 
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8.3.3 Surface saturation and distribution coefficients (Kd) 

Surface-aqueous distribution 

The distribution coefficient (Kd, equation 8.1) for the samples above pH 6 (Table 

8.4) indicates a strong retention onto the goethite surface. Log Kd values between 

4.4 and 5.7, indicate that there was at least a 104 fold concentration of the 

lanthanides on the goethite surface compared with the solution above pH 6.5 and 

after a 10 day equilibrium period. 

Table 8.4 Summary of the calculated distribution coefficient (Kd) for the 

adsorption of Nd or Eu from a LnC13 solution (50cm) to a goethite 

surface (0.05g) above pH 6.5 (Figures 8.6-8.9, Appendix 8.4-8.6) 

Initial solution Nd Eu 

[LnC13] [bulk solution] log Kd std dev log Kd std dev 

5x10" M 4.43 0.51 4.56 0.30 

2x10 M 4.75 0.38 

5x10' M O. 1mM KHCO3 4.47 0.54 4.62 0.43 

5x10" M 1mM KHCO3 4.75 0.56 4.52 0.76 

5x10' M IOmM KHCO3 4.85 0.60 4.81 0.16 

5x10' M 1mM K2SO4 5.71 0.50 

5x10' M 1mM CaC12 4.87 0.27 5.02 0.18 

5x10" M 1OmM CaC12 4.55 0.68 5.05 0.11 

The distribution coefficient is however a simple comparison of the relative 
distribution of the target element (e. g. a lanthanide or Am) between the surface 

and solution during the adsorption reaction. The Kd is useful for the comparison 

of mixed or uncharacterised surfaces but does not give a direct indication of the 

saturation state of the surface, i. e. the number of surface sites available for 
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reaction compared with the actual amount of competing ions for the surface (i. e. 

an ion exchange reaction including H). 

Surface saturation state 

The surface site density for a 70m2/g surface area at 2.31 sites rim 2 (Dzombaki & 

Morel, 1990) was 3.83µmo1s/m 2 (or 0.00027mols/g) of goethite(Table 8.2). The 

simplest model for the surface adsorption reaction is assumed to be a 1: 1 reaction 

as shown in equation 8.2, (Tessier et al., 1985) 

FeOOH + Ln3+ = FeOO-Ln2+ + H} (8.2) 

assuming the Ln3+ displaced H+ from the goethite and that a FeOO-Ln complex 

forms, then there are 1.34x10"5 mols of surface sites available in a 0.05g goethite 

sample for reaction with the aqueous solution. 

In 50 cm3 of a 5x10"7M LnC13 solution, there are 2.5xlO4mols of Ln3+ available 

for reaction and in 50cm3 of WO M LnCl3 solution there are 1x10'7 mols of 

Ln3+ available. There is therefore an excess of goethite surface sites compared to 

the total lanthanide in the experimental solutions, even if the Ln3+ is bidentate or 

tridentately bound to the surface. 

There is an excess of Ca2+ in solution in the 1mM Ca 2+ (5x10'5 mols of Ca) and 

the 10mM (5x104 mols of Ca) solutions compared with the number of goethite 

sites. The surface site saturation increases further if Ca2'' binds to two sites on the 

goethite surface. The experimental data (Appendix 8.4, Figure 8.7) indicate that 

an excess of Ca2+ did not displace the Ln3+ from the goethite surface. Cat+, Nd3+ 

and Eu3+ have similar ionic radii of 100pm, 98.3pm and 95.8pm respectively, 

therefore the lanthanides will have a significantly greater charge density than the 

Ca2+ ions and the Ln3+ ions are unlikely to be displaced from the sorption surface 

by the excess of Ca. The smaller Mg+ ion (ionic radii 72pm) may be a 

competitive ion for surface sites if in sufficient abundance. 
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The adsorption of transition metals to goethite surfaces has been studied in more 
detail than for the lanthanides (Venema et al., 1996). These have shown that 
divalent cations, for example Cd2+, will be bound as a mixture of monodentate, 
bidentate and tridentate complexes, however the monodentate and bidentate sites 

are more numerous on the surface although individual reaction constants could 

not be determined for each of the single, doubly and triply coordinated 

complexes. The stronger lanthanide binding than Ca to the goethite surface 

cannot be simply explained by surface co-ordination number. 

8.4 Predicting lanthanide adsorption to goethite 

Adsorption reactions can remove above 99.9% of the aqueous lanthanides (even 

when below their solubility limit in carbonate solutions) if the pH is above the 

adsorption edge. However the trace amounts remaining in solution may still be 

radiologically hazardous. A reaction constant, for the adsorption reaction which 
is dependent upon complex solution parameters (for example aqueous species 

composition and solution pH) must be derived to predict the actual amount of 

each target element that is to be immobilised. 

FITEQL v3.2 modelling 

FITEQL (Fit equilibrium constant) is a model developed to calculate the 

equilibrium constant for a reaction from experimental data (Section 7.3). 

FITEQL v3.2 requires the association constants for any aqueous reactions that 

may occur and then calculates an unknown reaction constant, in this case the 

adsorption of lanthanides to goethite (equation 8.2), from the experimental data 

assuming the total lanthanide content of the system is known and the amount of 
lanthanide as the adsorbed FeOO-Ln complex. 

Fe00' + Ln3+(aq) = FeOO-Ln2+ (8.2) 
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There were insufficient experimental data points across the adsorption edge (and 

all the data points above the adsorption edge were near the analytical detection 

limit) to calculate a reliable equilibrium constant. Consequently, the resulting 

equilibrium constant between Nd or Eu with goethite calculated using FITEQL 

must be treated with caution. For all the systems shown in Figures 8.6 to 8.9 

suggest a value of log K between 2.4 and 10.1. The initial estimates from the Kd 

calculations of approximately 4.9 (Table 8.4) are therefore within the calculated 

range from FITEQL. 

PHREEQC modelling 

The sorption of lanthanides has been shown to be pH dependent and therefore the 

K. d (equation 8.1) will reduce with pH to a Kd of zero below pH 3 as lanthanide 

ions will be in the aqueous phase. A pH term must be included to predict the 

sorption capacity of a surface if the solution conditions are likely to change. The 

simplest model for lanthanide sorption to a goethite surface (equation 8.3) 

introduces a pH term for the sorption reaction constant (equation 8.4) which 

considers the actual amount of surface sites available and any other aqueous 

species that form. 

PHREEQC can also be used to predict the adsorption of an aqueous species to a 

surface. The surface complexation reaction with the appropriate reaction constant 

must be included with the aqueous species association constants and solid phase 

dissociation reactions. The number of surface sites per unit mass of surface must 

be calculated as a molar quantity before incorporation into the PHREEQC 

database. The surface reaction (equation 8.3) therefore becomes a quantifiable 

mechanism for removing aqueous ions from solution. An initial 1: 1 reaction 
between goethite and Nd can be expressed as equation 8.3, with reaction constant 
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K (equation 8.4). Similar equations (and reaction constants) can be expressed for 

other surface complexation reactions which may be involved. 

FeOOHý&,, ) + Nd3+(8q) = FeOO-Nd2+(abs) + H+(eq) (8.3) 

K= 
[FeOO-Nd2+]. bs . [H+] 

(8.4) 
[FeOOH]s�f,. [Ln3+] 

Two other equilibrium reactions are required for the association and dissociation 

reactions of the goethite surface with Hi' ions in solution to determine the surface 

charge over the entire pH range for the modelling process (equations 8.5 and 8.6) 

after Dzombaki and Morel (1990) 

FeOOH + H+ = FeOOH2+ log K 7.35 (8.5) 

FeOOH = FeOO' + H+ log K -9.17 (8.6) 

An estimation of the adsorption reaction constant for equation 8.3, can be made if 

a series of pH vs log[Ndl plots across the absorption edge, are calculated for the 

range of potential reaction constants and compared directly with experimental 
data. 

If the percentage uptake from the experimental data (Figures 8.6 to 8.9, Appendix 

8.3 to 8.6) for Nd and Eu are converted to an aqueous concentration assuming an 

initial solution contained 5x10"7M total aqueous Ln, and 0.05g of goethite was 

available per 50cm3 of aqueous solution (i. e. lg of goethite per ldm3 of solution), 

then the experimental data can be compared directly with the predicted uptake of 

REE by goethite from PHREEQC calculations (Figure 8.10). 

The predicted sorption to goethite is zero below pH 4 and 100% above pH 7. The 

experimental data approximately follows the logK 3.8 line, but is spread over a 

region from logK 2.5 to 4.5 for the reaction shown in equation 8.3. The 

experimental data appears to follow the predicted solubility adsorption edge at 

high pH but deviates slightly at the low pH end. 
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Figure 8.10 Predicted uptake of Nd (50cm', 5xlO-'M) onto goethite (0.05g) 
Composite for all experimental data of the % uptake at the adsorption edge 

(assuming 100% uptake removes 5x10-'M Nd from solution) 
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If the reaction for equation 8.3 is logK 3.8, then a pH vs [Ln]aq diagram can he 

drawn for each of the lanthanides. Figure 8.11, indicates that Nd'+ is the only 

significant aqueous species to form below pH 12 in carbonate free solutions. 

There is a sharp adsorption edge from pH 4 below which no adsorption to the 

surface occurs, to pH 7 above which all the Nd is immobilised on the goethite 

surface. However if Nd is to used as an analogue for Am, aqueous 

concentrations below 10-7M must be considered. If the [Nd(aq)] axis is expanded 

as shown in Figure 8.12, the pH vs log[Nd] diagram indicates that the aqueous 

Nd concentration varies significantly with pH and as different aqueous species 

become dominant across the entire pH range. 

Nd in the presence of goethite (Figure 8.12) is dominantly present as the Nd'+ 

species below pH 5, but sorption increases at a steady rate from pH 2.5 until pH 

6.5, by which point the surface FeOO-Nd complex immobilises more than 99.9% 

of the Nd. The adsorption of lanthanides to the goethite surface is actually a log- 

log relationship between log[Nd(ads)] and pH (i. e. log[H+]) below pH 6. There 

is a steady increase in the proportion of aqueous Nd hydroxy species from pH 2.5 
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to pH 5.5, but they do not influence the adsorption edge (Figure 8.11). The total 

aqueous Nd concentration is predicted to reduce further as pH increases above pH 
6.5, to a minimum at pH 9.5, of 10'16M The proportion of aqueous Nd as Nd 

hydroxy species also increases. Above pH 9.5 Nd(OH)30(aq) forms the dominant 

aqueous Nd species in a carbonate free system and total Nd solubility increases, 

and above pH 12 the increase is at a sharper rate than found in the adsorption 

edge between pH 4 and 7. Above pH 13.5 the aqueous Nd concentration will 

exceed the adsorbed Nd, even when there are excess sorption sites available on 
the goethite surface compared with the total Nd. Nd solubility must therefore be 

controlled by precipitation of Nd(OH)3(s) above pH 13.5. 

In carbonate systems (Figures 8.13 and 8.14) of 10mM TIC, the NdCO3+ species 
has a slight effect on the adsorption edge at pH 5.5, which is undetectable at 
lower TIC concentrations (Appendix 8.7 & 8.8). NdCO3+ and Nd(C03)i species 

are dominant between pH 7.5 to pH 10 in 10mM TIC solutions, and which 
increase the total aqueous Nd concentration by 2 log units and shifts the solubility 

minima to pH 11.5 at a [Nd(aq)] 10"14M, compared with the equivalent carbonate 
free system (Figure 8.11). Above pH 11.5 Nd(OH)30(aq) forms the dominant 

aqueous species and the Nd solubility increases at a similar rate to the carbonate 
free systems. 

The carbonate concentration therefore does reduce the amount of Nd adsorbed 
onto a goethite surface, however the aqueous concentration (between 10'9M to 

10'13) is still likely to be significantly lower than typical analytical detection 

limits, i. e. from ICP-MS. 

A similar reaction constant for other metals e. g. Ca, would be required to predict 

the actual amount of other cations in solution required to reduce the quantity of 
lanthanide adsorbed to the surface. 
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Figure 8.11 Predicted Nd Sorption to goethite with pH 

inital solution [Nd]tý,,, 5x1O7M, surface lg/dm3 logK 3.8 

(Lee and Byrne 1992 & 1993 aqueous data) 
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Figure 8.12 Predicted Nd solubility in equilibrium with a goethite surface 
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Figure 8.13 Predicted Nd sorption to goethite in 10mM TIC solution with pH 

initial solution [Nd], 
ta, 

5x10-7M surface lg/dm3 logK 3.8 

(Lee and Byrne 1992 & 1993 aqueous data) 
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al 

5x] 0 7M logK 3.8 
(Lee and Byrne 1992 & 1993 aqueous data) 
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8.5 Discussion 

The sorption of lanthanides to iron oxide surfaces, specifically goethite, is a 

rapid efficient method for the removal of lanthanides from solution and therefore 

inhibiting lanthanide mobility in an aqueous system. The presence of iron oxides 
in a solid matrix is likely to reduce aqueous lanthanide (or americium) 

concentrations to below that of their solubility limit in carbonate solutions. If 

lanthanides are released slowly into solution from an initial solid matrix; the 

dissolution of lanthanides from mineral phases has shown that lanthanides tend to 

remain in the solid phases compared to the release of other cations (Barret, 

1992), therefore lanthanide concentrations are unlikely to approach their 

solubility limit (typically >10'7M, Chapter 4). The adsorption to mineral surfaces 
(for example iron oxides, calcite, clay minerals) therefore remains the major sink 
for lanthanides. Sorption reactions combined with a slow release from the initial 

solid matrix, should effectively immobilise lanthanides ions, released either from 

natural minerals or synthetic phases used to encapsulate nuclear waste. 

Fendorf and Fendorf (1997) note that transmission electron microscopy indicates 

that up to pH 8 sorption occurs as a uniform layer structure over parts of the 

goethite surface. The lanthanide sorption edge occurs below the goethite PZC 

(pH 7.8) and therefore the initial uptake must be by hydrolysed Ln3'' ions 

overcoming electrostatic repulsion from a positively charged surface. Surface 

precipitation of Ln(OH)3 will occur if the lanthanide concentration is above the 

solubility limit (and typically above pH 8.5) in which Ln(OH)3 aggregates into 

discrete particles that are not evenly distributed across the surface. The surface 

may therefore act as a nucleation surface for the precipitation of a solid 

hydroxide phase. In a similar study on Nd interactions with calcite, Caroll 

(1992) indicates that calcium carbonate minerals promotes the precipitation of 
lanthanide carbonate phases by the displacement of Cat+ions to form a solid 

solution series which becomes incorporated into the calcite structure. 
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The distribution coefficient Kd (equation 8.1, after Koeppenkastrop and De 

Carlo, 1992) describes the equilibrium system between the aqueous concentration 

and surface phase for specific solution conditions, i. e. pH and assumes the 

surface is not saturated. However a number of ions can be compared directly 

from a complex solution onto a mixed solid phase (i. e. soils or sediments 

Furhamann et al., 1997 or Jarzemba & Manteufel, 1997) for a site specific 

estimation of the sorption capacity of a solid matrix, or the direct comparison of 

the sorption capacity of individual mineral surfaces and their proportion in the 

solid matrix from the Kd value. Such comparisons between the lanthanides Am 

and Cm are usually good, with Kd values in the order of 104 as confirmed by this 

study (Table 8.4). 

The reaction constant (equation 8.4) could not be determined precisely by 

FITEQL due to insufficient data points across the adsorption edge, most data 

points were acquired for pH values above the adsorption edge, when above 98% 

adsorption occurred. 

PHREEQC calculations for Nd from pH 2.5 to 12 predicts that there should be 

above 99.99% uptake of Nd onto the goethite surface above the adsorption edge 

and the adsorbed concentration was the same for a log K of 2.5 to 5. Variations in 

the log K could only be distinguished from a slight shift in the adsorption edge to 

a lower pH with increasing log K in the analytical range 1x10'9M to 5x10'7M 

available for ICP-MS determinations. Further experimental data points are 

therefore required to clarify the exact equilibrium constant for the sorption 

process. 

The surface complexation model using Equation 8.3 assumes that the adsorption 

of Ln3+ occurs to a single sorption site, but does not differentiate between 

monodentate, bidentate and tridentate adsorption of a single Ln3+ ion. The 

reaction between aqueous LnOH2+ or Ln(OH)z+ species would increase the 

adsorption capacity of the oxide surface capacity further than that suggested by 
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the FeOO-Ln adsorbed complex alone. The adsorption reaction constants are 

important as even though the percentage uptake diagrams indicate that all the 

lanthanide ions have been adsorbed to the goethite surface, there are still trace 

quantities remaining in solution (from 10'10M to 10'16M). These quantities are 

radiologically important for the actinide analogue elements Am and Cm. 

The predicted increase in the lanthanide solubility above pH 12 was not identified 

from the experimental data which had a maximum pH of pH 11.5. The predicted 

solubilities of less than 10"9M Ln, are also significantly lower than the detection 

limit using ICP-MS analysis. A preconcentration stage (requiring a larger sample 

volume of at least ldm3) or radiotracer experiments (and therefore beyond the 

scope of this study) are required to confirm the predicted lanthanide solubility 

when in equilibrium with a sorption surface. 

The pH remains the controlling factor in the adsorption capacity of lanthanides to 

mineral surfaces. There is unlikely to be significantly high enough quantities of 

other equal or higher charged density ions to inhibit lanthanide sorption from the 

goethite surface; an excess of Ca2+ did not displace the lanthanide ions from the 

goethite surface. Organic coatings on mineral surfaces will reduce the sorption 

capacity of minerals by reducing the availability of surface sites and possibly 

altering the surface charge (Fairhurst et al., 1995). The strong sorption capacity 

of lanthanides to particle surfaces does mean that mobilisation will be possible on 

inorganic colloidal particles (Sätmark et al., 1996). 

The maximum adsorption for the Ce solutions of approximately 90% indicates 

that the varied mass experiments were carried out below the pH for the top of the 

adsorption edge. Higher uptake rates would occur at higher pH, however above 

pH 8 there is also the possibility of Ce02 precipitation or the oxidation of Ce3+ to 

Ce4+ by the goethite surface which would interfere with any sorption calculations. 

Consequently a larger proportion of Ce would be expected to be removed from 

solution in the presence of oxide minerals compared to other lanthanides and 
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accounts for Ce anomalies when Ce co-precipitates with iron oxides from 

seawater (Zhang et al., 1994) 
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Chapter 9 

Conclusions 
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9.1 REE solubility 

A number of phases have been identified in the REE-Carbonate-Sulphate- 

Sodium-pH-pe system (Table 9.1) all of which can control the lanthanide 

solubility under certain solution conditions. The aqueous lanthanide solubility is 

further controlled by the ageing process of the crystalline phases, although this 

process may not be fully achieved in dilute solutions. 

Table 9.1 Lanthanide solid phases in the Ln-C032--S042"-Na+-pH-pe system 

Nd and Eu Ce 

NaLn(C03)2 NaLn(S04)2 NaCe(C03)2 NaCe(S04)2 

Ln2(C03)3 Ce2(C03)3 

LnC030H Ln2(OH)4SO4 CeO2 
Ln(OH)3 

In carbonate and hydroxide containing solutions (below O. IM), precipitation is 

rapid and limits the aqueous lanthanide concentration to between 104M to 104M. 

Ce, Nd and Eu precipitate rapidly when added to excess carbonate and hydroxide 

ions in solutions above pH 7, The solid phases precipitate initially as an 

amorphous phase, which crystallises into an identifiable phase in under 2 months. 

There are only slight decreases in the lanthanide solubility between 1 week and 2 

months equilibration. The carbonate phases crystallises into a distinct identifiable 

phase faster than the hydroxide phases. The carbonate phases also exhibit 

stronger XRD patterns than the hydroxide phases two months after the initial 

precipitation from a dilute solution. 

The lanthanide carbonates, hydroxides and sulphates are all significantly more 

soluble in acidic solutions than alkaline solutions. There is a sharp decrease in 

lanthanide solubility from pH 4 to 10 at all carbonate and sulphate concentrations. 

The lanthanide solubility limit then remains at an approximately constant level, 

relatively independent of pH and bulk solution composition. 
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There are two commonly used experimental techniques for measuring solubility 

products; precipitation from solution followed by solution analysis, as used here, 

or the preparation of crystals from concentrated solutions followed by dissolution 

or heat capacity experiments. The major difference between these two 

experimental techniques is the state of the crystals. Slow growing crystals (e. g. 

Ln(OH)3) are likely to be less well defined when grown from a dilute solution, 

compared to force growing crystals in concentrated and probably high 

temperature solutions (i. e. between 3M and 5M NaOH, Rao et al., 1996, 

Diakonov et al., 1998a). These discrepancies can underestimate the solubility 

product of the solid phase when slow grown and overestimate the solubility 

products of the same force grown phase. The slow grown crystal is however 

more likely to predict the amount of REE initially precipitated from solution, an 

amount which may not increase significantly, if the solid phase does not 

crystallise out fully. 

9.2 Comparisons between the REE and the actinide americium 

Similar solid phases have been identified for Am and the REE in the carbonate- 

pH system. These include Am2(C03)3, AmCO3OH and Am(OH)3, each of 

which have solubility products similar to the lanthanides Nd and Eu. The sodium 

double carbonate has also been reported, NaAm(C03)2, but the equivalent 

americium sulphate phases have not. There are however significant differences in 

aqueous speciation and association constants for Am, which as yet have no 

equivalent lanthanide analogue. Therefore a direct comparison and use of Nd and 

Eu as analogues must be made in the full knowledge of the limitations of the 

comparison. Direct comparisons of the equivalent aqueous association and solid 

phase dissociation constants between Am, Nd and Eu indicate that variations 

between separate studies are often greater than variations between these three 

elements in the same study. A consistent set of association constants must 

therefore be determined. 
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Crystal destabilisation from a-particle release is likely to deform the crystal 

lattice and inhibit good crystal growth and increase Am solubility from the most 

thermodynamically stable form. The relatively high solubilities of the 

precipitated Nd(OH)3(s) and Eu(OH)3(s), compared to the force grown hydroxide 

crystals are therefore likely to predict the actual Am(OH)3(s) solubility. 

9.3 The retardation of REE from waste repositories 

If americium or other lanthanides are contained within an ILW repository, the 

bulk chemistry of the pore waters is likely to be controlled by the in-flowing 

groundwaters and the equilibrium with a calcium-carbonate-silicate host material 

to give initially a high pH solution, which will reduce on dilution. The hydroxy- 

carbonate, hydroxy-sulphate and hydroxide are likely to be the initial solubility 

limiting phases (and CeO2 if under the required redox conditions). In carbonate 

and sulphate solutions between pH 7.5 and 12, the solubility limit of the 

lanthanide carbonates, hydroxy-carbonates, hydroxy-sulphates, hydroxides and 

Ce02 is initially between 10-8M and 10'M, for Ce, Nd and Eu. Na+ and CO32- 

activities of less than 20mM are generally too low to support the formation of 

double salts, such as NaLn(CO3)2.6H20. The solubility of the lanthanide 

hydroxides and Ce02 (e. g. Rao et al., 1996, Diakonov et al., 1998a, Diakonov et 

al., 1998b and Baker et al., 1971), have been reported to be lower than the values 

determined in this study. The lower solubilities of the crystalline lanthanide 

hydroxides imply that the lanthanide hydroxy-carbonates are only metastable 

kinetically formed phases, even though the hydroxycarbonate has been 

consistently produced by controlling the pC02W of the solution. The hydroxy- 

carbonate should therefore re-crystallise to the lanthanide hydroxide as the 

crystals age over time, this observation has not been reported. The lowest 

lanthanide hydroxide solubilities have been reported from heat capacity 

measurements of crystals produced in concentrated solutions, which represents 

the solubility of well defined crystal structures which may only be obtained in 
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geochemical situations over significant time periods, rather than the solubility 

products obtained from crystals produced by precipitation from solutions reaching 

the lanthanide or americium saturation point for an initial amorphous crystal. If 

the initial reasoning behind nuclear waste disposal of initial isolation and 

containment until the radioactive waste inventory is reduced, then slow dispersal 

and dilution throughout the far-field is achieved, therefore a very crystalline 

precipitate controlling lanthanide retardation is unlikely to occur. 

The retardation of lanthanides (and hence americium and curium) must therefore 

be via other mechanisms, i. e. retention of these elements as part of the altered 

original host mineral phase, then the sorption of any aqueous lanthanides and 

actinides released onto mineral surfaces (Chapter 8). The importance of sorption 

in retarding lanthanide mobility can be seen from natural solutions as the aqueous 

lanthanide concentrations reported in the literature (reviewed in Chapter 1) are 

consistently below the solubility limits expected for the lanthanides, except for 

the concentrations reported in acidic solutions e. g. by Smedly (1991), where 

aqueous lanthanide concentrations are similar to the NdF3 solubility limit. These 

high concentrations occur at a pH below the expected adsorption edge for 

lanthanides onto mineral surfaces, therefore sorption cannot impede lanthanide 

mobility in this situation and the aqueous lanthanide concentrations increase 

towards the solubility limits. 

9.4 Recommendations for further study 

The major uncertainty in predicting lanthanide chemistry is the aqueous data and 

association constants. A consistent set of aqueous association constants must be 

evaluated for a number of lanthanides (e. g. Nd, Sm and Eu) to determine the 

exact group trends before meaningful comparisons with the other dominant An3+ 

ions (e. g. Am and Cm) as all solubility predictions depend upon the exact 

aqueous speciation and complex stability. Solubility products calculated using 
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one set of association constants will give different predicted solubilities each time 

the database of aqueous association constant is revised. 

Solubility products should be derived from heat capacity measurements, 

precipitation and dissolution experiments, to minimise the discrepancies found 

between different experimental techniques. The solubility data should be 

obtained for a series of precipitates and solutions to determine the rate of crystal 

growth from solutions after the initial precipitation to the equilibrium conditions 

from dilute solutions, through to the most thermodynamically stable conditions 

found from aged crystals formed using concentrated reagents. Metastable kinetic 

phases can therefore be determined to characterise initial solution conditions and 

the time scales required for a solid-solution reaction to a more thermodynamically 

stable phase (if any) to occur. 

The role of other anions in solution (e. g. phosphates and sulphides) on lanthanide 

solubility may also be important (as indicated in Chapter 7) in controlling 

lanthanide mobility, especially if the carbonate activity and the redox potential of 

equilibrium solutions are variable. 

Sorption reactions and not the relatively high solubilities of the carbonate phases 

may control the retardation of lanthanides and actinide elements. Analogue 

studies should therefore be directed towards characterising the effects of aqueous 

species, below their relatively high solubility limit onto mineral surfaces, 

particularly those found in engineered multiple barrier systems. 
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Appendix 4.13a The aqueous speciation of 10-7 M Nd in 0.01 mM TIC' 

after Lee & Byrne (1992 & 1993) at 298.15K and I atm pressure 

10 '+' + -)K )K xxxxKxx)cxxX 
+ +, ý++ Nd(Ol1) 

+ ++ + 

.x 

10 + 

Iý -iýý NdOlI 
, 
++ x+ 

± 
+ x 

11 
±+x 

x Nd' 
10 NdCO, X(+ 

Nd(C'O, )_ 

10 
456789 Io II 12 13 14 

pH 

Appendix 4.13b The aqueous speciation of 10-7M Nd in 0.01mM TIC 

after Lee & Byrne (1992 & 1993) at 298.15K and I atm pressure 

1_ Ox 10 
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2. Ox 10-x 

371 

456789 10 11 12 13 14 

pH 



Appendix 4.14 Neodymium aqueous-aqueous phase relations 
(after Lee &Be, 1992 and 1993) 

Nd3+ NdOH2` pH 8.16 
NdOH2` t-ý Nd(OH)z+ pH 8.89 
Nd(OH)Z' - Nd(OH)3 pH 9.36 
NdCO3; Nd3+ 1og[CO32 _ "1.67 
NdCO3` t-* NdOH2+ 109[C03 2-] = pH-15.85 
NdCO3+ H Nd(OH)2` 1og[C032 - 2pH-24.74 
NdCO3+ H Nd(OH)3 log[C032] = 3pH-34.10 
NdCO3+ H Nd(CO3)Z' 1og[C0321 a '5.10 
Nd(C03V 44 Nd(OH)3 1og[C03 ] Q 1/2(3pH-39.20) 

Appendix 4.15 Neodymium solid-aqueous phase relations 
aqueous data after Lee & Byrne, 1992 and 1993, and solid phase data, this work 

Nd(OH)3 ++ Nd3+ pH =/3(20.60 -1og[Nd `J) 
H NdOH2+ pH ='/2(12.44- log[NdOH=']) 

Nd(OH)2+ pH = (3.55- log(Nd(Oli)i']) 
H Nd(OH)3 log[Nd(O11)31 a '5.8 (1.5x104M) 
+ NdCO3` 1og[C0321 a 3p1 + log[NdC034] - 28.29 

Nd(CO3)j 1og[C0321 a'/2[3pH + log[Nd(C03)21- 33.68] 
H Nd(CO 3)33 

NdCO3OH Nd3+ 1og[C0321-'1(pli + 1og[Nd3 ]+5.87) 
NdOH2+ Iog[C032 ] -'1(log[NdOH=`] + 14.02) 

H Nd(OH)2` 1og[C0321- pit - log[Nd(O11)2'] - 22.91 
++ Nd(OH)3 1og[C032'] - 2pH - log[Nd(O11)31 - 32.28 
H NdCO3+ pH -1.82 - log[NdCO3'] 
H Nd(CO3)z' Iog[C0321 a pH + log[Nd(C03)21- 7.22 

Nd2(CO3)3 H Nd3 1og[C0321-''/3(2log[Nd3 ]+ 34.43) 
++ NdOH2+ 1og[C0321=1/3(2pli - 2log[NdOH2 ]- 50.73) 
++ Nd(OH)2+ 1og[C032 '/3(4p11- 21og[Nd(O11)='] - 68.51) 
H Nd(OH)3 21 1og[C03 1/3(6pH - 2log[Nd(O11)3°] - 87.24) 
++ NdCO3+ 1og[C032 '21og[NdCO3'] - 19.04 
++ Nd(CO; Z' 1og[CO322Iog[Nd(COj)j] + 8.11 

NaNd(C03)2 H Nd3+ log[C032 ] -''/2(1og[Na'] + 1og[Nd3 ]+ 20.97) 
H NdOH2+ 1og[C0321 1/2(pH 

- log[Na`] -log[NdOl12+] - 29.07) 
H Nd(OH)2' 1og[C032 ] '/2(2p11- log[Na`] - log[Nd(Oli)2 ]- 38.01) 
H Nd(OH); 1og[CO321-'/2(3pH - log[Na'] - log[Nd(O11)30] - 47.37) 
t-+ NdCO3` 1og[C032 ] a'1(log[Nal +log[NdCO3 ] +13.28) 
H Nd C0 ' lo d CO -'1 Io a' +7.88 
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Appendix 4.16 The aqueous speciation and solubility of Nd in equilibrium 

with Nd(OH), at 298.15K and I ahn pressure [TIC] = 50mM 
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pH 

Appendix 4.17 The aqueous speciation and solubility ofNd in equilibrium 

with Nd, ((CO), ), at 298.15K and I ahn pressure [TIC] = 50mM 
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Appendix 4.18 The aqueous speciation and solubility of Nd in equilibrium 

with NaNd(((7O); )z at 298.15K and I atm pressure [TIC] _- 50mM 
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Appendix 5.2 XRD patterns of the alteration of the oven dried (120"C) 

alteration of NaNd(CO3)2.6Hz 0 to dehydrated Nd, (CO; ); 
15000-, I 

10000 

-v 
0 U 

a 
5000 

u 
T 
40 (. 1 i 

Appendix 5.3 XRD patterns of the alteration of the oven dried (120"(') 

alteration of NaEu(CO3)2.6H20 to dehydrated Eu2(CO5), 
5ooo, 

4000- 

3000- 

2000- 

1000 

0 10 

Initial sample 
Nal? u((2O ). (, I I, ( 
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20 30 40 5O 60 

20 

-- - Initial sample 
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Appendix 5.4 Calculation of the Gibbs free energy of formation of 

NaNd(C03)2.6H20 (Rao et al, 1996) and Nd2(CO3)3.8I120 (Runde et 

al, 1992) from their solubility products 

AGf (NaNd(C03)2.6H2O) log Ksp -21.39, .. AG1 = 122.09 KJmo1'1 

NaNd(C03)2.6H20 = Na+ + Nd3+ + 2CO32- + 6H20 

eC4zý° = AG'(pr ducts) - LIJ (Reactants) :. AGO(Reactants) = L'J (Products) -L 'JRn° 

AGf (NaNd(C03)2.6H20) 

= [AG1(Na+) + OGf (Nd3+) + 2AGf (C032) + 60G° (H24)] - AGR, ý 

= [(-261.95) + (-670.90) + 2(-527.90) + 6(-237.14)] - [122.09] 

= [-3411.49KJmo1''] - [122.09KJmo1''] 

= -3533.38KJmo1'1 

OGf (Nd2(CO3)3xH2O) log Ksp -31.35 :. AGB -178.94 KJmol'1 

Nd2(CO3)3xH2O = 2Nd 3+ + 3CO32- + x1120 

AGc (Nd2(CO3)3.8H20) _ [20Gf (Nd3) + 3AG? (C032) + 8AG f (H20)] - AGRn 
[2(-670.90) + 3(-527.90) + 8(-237.14)] - [178.94] 

_ [-4822.62KJmol '] -[178.94KJmol" ] 

=-5001.56KJmol-1 
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Appendix 6.6 Stability field diagram for the Na-Nd-CO32-OH system 
in [Na ]= 10mM and [SO4] = 10mM at 298.15K and latm pressure 

NaNd(CO, )= 
log Ksp -21.23 

. 2" 

-4 
Nd, (CO), NdC0011 

-6 log Ksp -34.43 108K; -19.87 

8 Nd(OI 1), 
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log Ksp -10.68 Ndý(O1p4SO4 

-12 log Kap -42.22 
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Appendix 6.7 Stability field diagram for the Na-Nd-SO4'-0H system 
[Na+] =1mM, [TIC] = 0.1mM at 298.15K and 1 atm pressure 
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solubility and aqueous speciation (OH) Appendix 6.8 Nd SO 
4 4 2 

in IOmM TIC and lOmM SO42 Nd 
NdO11'* 

10X Nd(Oil). 
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Appendix 6.9 Nd2(OH)4SO4 solubility and aqueous speciation 

in 10mM S042 
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Appendix 7.1 NEA 9 database including Neodymium aqueous species and solid 
phases. (further Am, Cc Nd and Eu constants are summarised in Tables 
7.1 and 7.2 in sections 7.3 and 7.4) 

SOLUTION-MASTER_SPECIES 
0 

E e- 0.0 0.0 
13 

H H+ -1 0 H 1.008 
H(O) H2 0; H 
H(1 H+ -i. 0 0.0 
0 H20 0.0 0 16. 
0(-2) H20 0.0 0.0 
0(0) 02 00 0 
Ca Ca+2 0: 0 Ca 40.08 
Na Na+ 0.0 Na 22.9898 
K K+ 0.0 K 39.0983 
C1 Cl 0.0 Cl 35.453 
C C03-2 2.0 C 44.0098 
CM C03-2 20 HC03 
C(-4) CH4 0: 0 CH4 
S S04-2 0.0 S 96.06 
SM S04-2 0.0 S04 
S(-2) HS- 1.0 S 
N N03- 0.0 N 62.0049 
N(5) N03- 0.0 N 
N(3) N02- 0.0 N 
N(O) N2 0.0 N 
N(-3) NHO 0.0 N 
Nd Nd+3 0.0 Nd 144.2 

SOLUTICN SPECIES 
H+ 

log_ýk 0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 9.0 0.0 

log_k 0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 

-gamma 0.0 0.0 
U20 H20 

log. 
_k 

0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 

-gamma 0.0 0.0 
Ca+2 - Ca+2 

log k 0.0 
_ delta h 0.0 kcal 

-analýtic 0.0 0.0 0.0 0.0 0.0 

-gamma 0.0 0.0 
Na+ - Na+ 

log_k 0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 

-gamma 0.0 0.0 
K+ - K+ 

log k 0.0 
_ delta h 0.0 kcal 

-analitic 0.0 0.0 0.0 0.0 0.0 

-gamma 0.0 0.0 
Cl- - Cl- 

log_k 0.0 
delta h 0.0 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

C03-2 C03-2 
log k 0.0 

_ delta h 0.0 kcal 
-analitic o. 0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 S04-2 
log_k 0.0 
delta h 0.0 kcal 
-analýrtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- - N03- 
log_k 0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 3.0 0.0 

Nd+3 - Nd+3 
log_k 0.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 
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H20 - OH- + H+ 
log. k -14.0 
delta h 13.35 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2H20 - 02 + 4H+ + 4e- 
log_k -86.08 
delta h 134.79 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2H+ + 2e- - H2 
log_k -3.15 
delta h -1.76 kcal 
-analýýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

C03-2 + H+ - HC03- 
log_k 10.33 
delta h -3.5 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

C03-2 + IOH+ + ee- - CH4 + 3H20 
log k 38.2 

_ delta h 345.5 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

C03-2 + 2H+ - H2CO3 
log_k 16.68 
delta h -5.5 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + H+ - HS04- 
log_k 1.99 
delta h 5.4 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 8H+ + 8e- S-2 + 4H20 
log_k 20.64 
delta h -28.04 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 9H+ + Be- HS- + 4H20 
log_k 33.65 
delta h -40.14 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 10H+ + Se- - H2S + 4H20 
log_k 40.64 
delta h -65.44 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + 2H+ + 2e- - N02- + H20 
log_k 28.57 
delta h -43.76 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2NO3- + 12H+ + 10e- - N2 + 6H20 
k 207.08 log 

_ delta h -312.13 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + 9H+ + Be- NH3 + 3H20 
log_k 109.83 
delta h -174.58 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + IOH+ + 8e- NH4+ + 3H20 
log k 119.08 

_ delta h -187.05 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + IOH+ + Be- + S04-2 NH4SO4- + 3H20 
log_k 120.19 
delta h -187.46 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + H+ - HN03 
k -1.43 log 

_ delta h -0.56 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + H20 - CaCH+ + H+ 
log k -12.6 - delta h 14.53 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + C03-2 - CaC03 
log_k 3.15 
delta_h 4.02 kcal 
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-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + C03-2 + H+ - CaHC03+ 
log_k 11.35 
delta h 1.81 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + S04-2 - CaS04 
log. ýk 2.31 
delta h 1.47 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + N03- - CaN03+ 
log_k 0.6 
delta h 0.0 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Ca+2 + 2NO3- - Ca(NO3)2 
logk 0.5 
delta h 0.0 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Na+ + C03-2 - NaC03- 
log_k 1.27 
delta h 8.91 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Na+ + H+ + C03-2 - NaHCO3 
log. k 10.08 
delta h -3.6 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Na+ + S04-2 - NaS04- 
log k 0.7 

- delta h 1.12 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Na+ + N03- - NaN03 
log k -0.55 _ delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

K+ + S04-2 - KS04- 
log_k 0.85 
delta h 2.25 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

K+ + N03- - KN03 
log_k -0.19 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 16H+ + 14e- - S2-2 + BH20 
log_k 57.6 
delta h -104.7 kcal 
-anal3ýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

3SO4-2 + 24H+ + 209- - S3-2 + 12H20 
log_k 94.4 
delta h -174.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

4SO4-2 + 32H+ + 26e- - S4-2 + 16H20 
log_k 130.9 
delta h -218.3 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

SS04-2 + 40H+ + 32e- - S5-2 + 20H20 
log_k 167.3 
delta h -274.6 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 4H+ + 2e- 02S + 2H20 
log_k 5.33 
delta h 3.5 kcal, 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 2H+ + 2e- 03S-2 + H20 
log_k -3.65 
delta h -2.64 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 00 

2SO4-2 + IOH+ + Be- - 03S2-2 + 
; 

H20 
log_k 37.7 
delta h -62.8 kcal 
-analýýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 8H+ + 69- - S04S-2 + 4H20 
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log_k 10.49 
delta h -18.7 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 6H+ + 4e- - OS04S-2 + 3H20 
log_k 2.33 
delta h -2.9 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 4H+ + 2e- - 02SO4S-2 + 2H20 
k -8.57 log 

_ delta h 11.6 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 - (S04)2-2 + 2e- 
log_k -66.4 
delta h 114.6 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

3SO4-2 + 12H+ + Be- - 02SO4S2-2 + 6H20 
k 25.8 log 

_ delta h -44.6 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

4SO4-2 + 20H+ + 14e- - 02SO4S3-2 + 1OH20 
log. k 72.79 
delta h -106.5 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

5S04-2 + 28H+ + 20e- - 02SO4S4-2 + 14H20 
log_k 97.0 
delta h -165.3 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 3H+ + 2e- - 02SOH- + H20 
log_k 3.57 
delta h -1.38 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 9H+ + 6e- - HS04S- + 4H20 
log_k 12.98 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 4H+ + 2e- - OS(OH)2 + R20 
log_k 5.33 
delta h 3.5 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

S04-2 + 2H+ - H2SO4 
logýk -99.0 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 10H+ + 6e- - H2SO4S + 4H2O 
Jog_k 13.34 
delta h 0.0 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 2H+ - H2(SO4)2 + 2e- 
log k -99.0 

_ delta h 0.0 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + IIH+ + Be- - 02S20H- + 5H20 
log_k 39.3 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

2SO4-2 + 12H+ + 8e- - OS2(OH)2 + 5H20 
log k 39.9 

_ delta h 0.0 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + 10H+ + 8e- + Cl- - NH4Cl + 3H2O 
log k 120.6 

_ delta h 0.0 kcal 
-analýtio 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

N03- + 9H+ + Be- - NH40H + 2H20 
log_ýk 109.84 
delta h 0.0 kcal 
-analytic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + H20 - NdOH+2 + H+ 
log_k -8.16 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
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-gamma 0.0 0.0 
Nd+3 + 2H20 - Nd(OH)2+ + 2H+ 

log_k -17.04 
delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + 3H20 - Nd(OH)3 + 3H+ 
log k -26.40 _ delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + C03-2 - NdC03+ 
log k 7.67 

_ delta h 0.0 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + 2CO3-2 - Nd(C03)2- 
log_k 13.09 
delta h 0.0 kcal. 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + S04-2 - NdS04+ 
log_k 3.55 
delta h 5.0 kcal 
-analitic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

Nd+3 + 2SO4-2 - Nd(S04)2- 
log k 5.2 

_ delta h 10.6 kcal 
-analýtic 0.0 0.0 0.0 0.0 0.0 
-gamma 0.0 0.0 

PHASES 
Nd(OH)3 

Nd(OH)3 + 3H+ - Nd+3 + 3H2O 
log ýk 20.59 

_ delta h 0.0 k cal 
- -analytic 0.0 6.0 0.0 0.0 0.0 

NdOHCO3 
NdOHCO3 + H+ - Nd+3 + H20 + C03-2 
logý k -5.87 _ delta h 0.0 k cal 
-analýtic 0.0 V. 0 0.0 0.0 0.0 

Nd2(CO3)3 
Nd2(CO3)3 - 2Nd+3 + 3CO3-2 
log k -34.43 _ delta h 0.0 k cal 
-analýtic 0.0 U. 0 0.0 0.0 0.0 

NaNd(C03)2 
NaNd(C03)2 - Nd+3 + 2CO3-2 + Na+ 
log_k -21.25 
delta h 0.0 k cal 
-analýtic 0.0 ý. o 0.0 0.0 0.0 

KNdC03 
I<Nd(CO3)2 - Nd+3 + 2CO3-2 + K+ 
log_k -19.17 
delta h 0.0 k cal. 
-analýtic 0.0 -6.0 0.0 0.0 0.0 

NaNd(S04)2 
NaNd(S04)2 - Nd+3 + 2SO4-2 + Na+ 
log k -10.68 _ delta h 0.0 k cal 
-analýtic 0.0 ý. o 0.0 0.0 0.0 

Nd2SO4(OH)4 
Nd2SO4(OH)4 + 4H+ - 2Nd+3 + 4H20 + S04-2 
log k 13.77 

_ delta h 0.0 k cal 
-analýtic 0.0 -6.0 0.0 0.0 0.0 

ANHYDRIT 
CaS04 - Ca+2 + S04-2 

k -4.27 log 
_ delta h -4.3 k cal. 

-analytic 0.0 ý. o 0.0 0.0 0.0 
ANTARCTI 

CaCl2(H20)6 - Ca+2 + 2Cl- + 6H20 
log_k 4.13 
delta h 3.92 k Cal 
-analytic 0.0 - - 0.0 0.0 0.0 0.0 

ARAGONIT 
CaC03 - Ca+2 + C03-2 
log_k -8.34 
delta h -2.86 k cal, 
-analitic 0.0 ý. o 0.0 0.0 0.0 

ARCANITE 
K2SO4 - 2K+ + S04-2 
log_k -1.69 
delta h 6.24 k cal, 
-analýtic 0.0 '6.0 0.0 0.0 0.0 

CA(OH)2 
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Ca(OH)2 + 2H+ - Ca+2 + 2H20 
log_k 22.81 
delta h -30.69 k cal 
-anal7ytic 0.0 -6. o 0.0 0.0 0.0 CALCITE 
CaC03 - C03-2 + Ca +2 
log_k -8.47 
delta h -2.58 k cal 
-analýtio 0.0 U. 0 0.0 0.0, 0.0 

CALCIUM 
CaCl2(H2O)4 - Ca+2 + 2Cl- + 4H20 
logýk 4.9 
delta h 0.0 k cal 
-analýtic 0.0 '6. o 0.0 0.0 0.0 

CAS04. HY 
CaS04(H20). 5 - Ca+2 + S04-2 + . 5H20 
log_k -3.47 
delta h -4.62 k cal 
-analýtic 0.0 ý. o 0.0 0.0 0.0 

GYPSUM 
CaSO4(H20)2 - Ca+2 + S04-2 + 2H20 
log_k -4.6 
delta h -0.03 k cal 
-analýtic 0.0 U. 0 0.0 0.0 0.0 

K2C03.3/ 
K2C03(H20)1.5 - 2K+ + C03-2 + 1.5H20 
log_k 3.14 
delta h 0.2 k cal 
-analýtic 0.0 U. 0 0.0 0.0 0.0 

LAB. SALT 
Na4Ca(SO4)3(H20)2 - 4Na+ +C a+2 + 3SO4-2 + 2H20 
log_k -5.73 
delta h 0.0 k Cal 
-analýtic 0.0 - 0.0 0.0 0.0 0.0 

D, ERCALLI 
KHS04 - K+ + H+ + S04-2 
log_k -1.39 
delta h 0.0 k cal 
-anal7tic 0.0 3.0 0.0 0.0 0.0 

MIRABILI 
Na2SO4(H20)10 - 2Na+ + S04-2 + 1OH20 
log_k -1.07 
delta h 19.0 k cal 
-analýtic 0.0 ý. o 0.0 0.0 0.0 

MISENITE 
K8H6(SO4)7 - 8K+ + &H+ + 7S04-2 
log_k -10.58 
delta h 0.0 k cal 
-analýtic 0.0 3.0 0.0 0.0 0.0 

MONOHYDR 
CaC03H20 - Ca+2 + C03-2 + H20 
log_k -7.62 
delta h -1.6 k cal 
-analýtic 0.0 U. 0 0.0 0.0 0.0 

NA2C03 
Na2CO3 - 2Na+ + C03 -2 

k 0.67 log 
_ delta h -5.95 k cal 

-analytic 0.0 U. 0 0.0 0.0 0.0 
OXYCH-CA 

C&4(OH)6Cl2(H20)13 + 6H+ - 4Ca+2 + 2Cl- + 19H20 
log k 1222.97 

_ delta h 0.0 k cal 
-analytic 0.0 U. 0 0.0 0.0 0.0 

PIRSSONI 
Na2Ca(C03)2(H2O)2 - 2Na+ + Ca+2 + 2CO3-2 + 2H20 
log_ýk -9.26 
delta h 7.0 k cal 
-amalýtic 0.0 U. 0 0.0 0.0 0.0 

S(C) 
S+ 4H20 - S04-2 + 6e- + 8H+ 
log_k -35.76 
delta h 55.9 k cal 

- -analýtic 0.0 6.0 0.0 0.0 0.0 
SYLVITE 

KC1 - K+ + Cl- 
log_k 0.96 
delta h 4.5 k cal 
-analýtic 0.0 U. 0 0.0 0.0 0.0 

SYNGENIT 
K2C&(S04)2H2O - 2K+ + Ca+2 + 2SO4-2 + H20 
log_k -7.45 
delta h 4.3 k cal 
-analýtic 0.0 '6.0 0.0 0.0 0.0 

THENARDI 
Na2SO4 - 2N&+ + S04-2 
log_k -0.24 
delta_h -0.17 k_cal 
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-analytic 0.0 0.0 0.0 0.0 0.0 
THERMONA 

Na2CO3H2O - 2Na+ + C03-2 + H2O 
log 

_k 
0.66 

delta h -3.1 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

VATERITE 
CaC03 - Ca+2 + C03- 2 
log_k -7.91 
delta h 0.0 k cal - 
-analytic 0.0 0.0 0.0 0.0 0.0 

ZZ-CH4(G 
CH4 + 3H20 - lOH+ + Be- + C03-2 
log k -41.08 

_ delta h 61.2 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

ZZ-H2(g) 
H2 - 2H+ + 2e- 
log 

_k 
0.0 

delta h 0.0 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

ZZ-H2S(G 
H2S + 4H20 - S04-2 + 10H+ + So- 
log_k -41.63 
delta h 60.9 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

02(g) 
02 + 4H+ + 4e- - 2H20 
log k 83.12 

_ delta h -136.63 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

ZZ-PC02 
C02 + H2O - C03-2 + 2H+ 

log_k -18.15 
delta h 0.79 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

ZZ-S02(G 
02S + 2H20 - S04-2 + 4H+ + 2e- 
log k -5.24 
delta h -9.75 k cal 
-analytic 0.0 0.0 0.0 0.0 0.0 

END 
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Appendix 7.1b PHREEQC input file for Nd2(C03)3 in equilibrium with an 
aqueous solution at fixed pH and pe. 

Trench water 
ci 
TITLE Nd 
O 
SOLUTION 1 
Ef 

pH 7.3 
0 

Pe 0.0 
O 

units mol/l 
O 

Ca 2.85E-3 

a 
Mg 6.0E-4 

O 
Na 3.0E-3 

O 
Cl 5.0E-3 

O 
C 2.83E-3 

O 
S 1.09E-3 

O 
PHASES 
O 

FIX H+ 
0 

H+ -H 
log 

_K 
0.0 

FIX 6- 
4k- - s- 
log K 0.0 

END 
TITLE Nd in trench solution 
USE Solution 1 
EQUILIBRIUM PHASES 1 

Nd2(C03)3 
FIX H+ -7.3 HCl 10.0 
FIX-6- 0.742 02(g) 10.0 

END 
TITLE Eu in trench solution 
USE Solution 1 
EQUILIBRIUM PHASES 1 

Eu2(C03)3 
FIX H+ -7.3 HC1 10.0 
FIX-e- 0.742 02(g) 10.0 

END 
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Appendix 7.1c PHREEQC output file Nd2(CO3)3 in equilibrium with aqueous 
solution defined in Appendix 7.1b, using the database shown in Appendix 
7.1a 

Reading data base. 
------------------ 

SOLUTION MASTER SPECIES 
SOLUTION_SPECIES 
PHASES 
END 

------------------------------------ 
Reading input data for simulation 1. 

Trench water 
TITLE Nd 
SOLUTION 1 

PH 7.3 
pe 0.0 
units mol/1 
Ca 2.85E-3 
Mg 6.0E-4 
Na 3.0E-3 
Cl 5.0E-3 
C 2.83E-3 
S 1.09E-3 

PHASES 
FIX H+ 
H+ - H+ 
log_K 0.0 

FIX e- 
e-- e- 
log_K 0.0 

END 

TITLE 

Nd 

------------------------------------------- 
Beginning of initial solution calculations. 
------------------------------------------- 

Initial solution 1. 

---°------------------°----Solution composition------------------------------ 

Elements Molality Moles 

C 2.832e-03 2.832e-03 
Ca 2.852e-03 2.852e-03 
Cl 5.003e-03 5.003e-03 
Mg 6.004e-04 6.004e-04 
Na 3.002e-03 3.002e-03 
S 1.091e-03 1.091e-03 

----°----------------------Description of solution----------------°°-------- 

pH - 7.300 
Pe - 0.000 

Activity of water - 1.000 
Ionic strength - 1.345e-02 

Mass of water (kg) - 1.0000+00 
Total alkalinity (eq/kg) - 2.594e-03 

Total C02 (mol/kg) - 2.832e-03 
Temperature (deg C) - 25.000 

Electrical balance (eq) - 1.279e-04 
Iterations -6 

Total H-1.110155e+02 
Total 0-5.551907e+01 

------°--------------------Distribution of species ---------------------------- 

Species Molality 

OH- 2.286e-07 
H+ 5.548e-08 
H2O 5.551e+01 

C(-4) 0.00oe+oo 
CH4 0.000e+00 

C(4) 2.832e-03 
HC03- 2.522e-03 
H2C03 2.469e-04 

Log Log Log 
Activity Molality Activity Gamma 

1.995e-07 -6.641 -6.700 -0.059 
5.012e-08 -7.256 -7.300 -0.044 
9.997e-01 0.000 0.000 0.000 

0.000e+00 -40.487 -40.487 0.000 

2.201e-03 -2.598 -2.657 -0.059 
2.469e-04 -3.607 -3.607 0.000 
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CaHC03+ 4.05le-05 3.534e-05 -4.392 -4.452 -0.059 
MgHC03+ 1.014e-05 9.014e-06 -4.994 -5.045 -0.051 
CaC03 4.449e-06 4.449e-06 -5.352 -5.352 0.000 
C03-2 3.544e-06 2.054e-06 -5.451 -5.687 -0.237 
NaHC03 3.229e-06 3.229e-06 -5.491 -5.491 0.000 
MgC03 6.857e-07 6.878e-07 -6.164 -6.163 0.001 
NaC03- 1.144e-07 9.979e-08 -6.942 -7.001 -0.059 

Ca 2.852e-03 
Ca+2 2.647e-03 1.534e-03 -2.577 -2.814 -0.237 
CaS04 1.599e-04 1.599e-04 -3.796 -3.796 0.000 
CaHC03+ 4.05le-05 3.534e-05 -4.392 -4.452 -0.059 
CaC03 4.449e-06 4.449e-06 -5.352 -5.352 0.000 
CaOH+ 8.808e-09 7.685e-09 -8.055 -8.114 -0.059 

Cl 5.003e-03 
cl- 5.003e-03 4.365e-03 -2.301 -2.360 -0.059 

H(O) 3.557e-18 
H2 1.778e-18 1.778e-18 -17.750 -17.750 0.000 

Mg 6.004e-04 
Mg+2 5.477e-04 3.510e-04 -3.261 -3.455 -0.193 
MgS04 4.189e-05 4.202e-05 -4.378 -4.377 0.001 
MgHC03+ 1.014e-05 9.014e-06 -4.994 -5.045 -0.051 
MgCO3 6.857e-07 6.878e-07 -6.164 -6.163 0.001 

Na 3.002e-03 
Na+ 2.99le-03 2.609e-03 -2.524 -2.583 -0.059 
NaS04- 7.654e-06 6.678e-06 -5.116 -5.175 -0.059 
NaHC03 3.229e-06 3.229e-06 -5.491 -5.491 0.000 
NaC03- 1.144e-07 9.979e-08 -6.942 -7.001 -0.059 

0(0) 0.000e+00 
02 0.000e+00 0.000e+00 -56.880 -56.880 0.000 

S(-2) 5.222e-36 
HS- 5.222e-36 4.556e-36 -35.282 -35.341 -0.059 

S(6) 1.09le-03 
S04-2 8.812e-04 5.106e-04 -3.055 -3.292 -0.237 
CaSO4 1.599e-04 1.599e-04 -3.796 -3.796 0.000 
MgSO4 4.189e-05 4.202e-05 -4.378 -4.377 0.001 
NaS04- 7.654e-06 6.678e-06 -5.116 -5.175 -0.059 
HS04- 2.867e-09 2.50le-09 -8.543 -8.602 -0.059 
H2SO4 1.253e-18 1.253e-18 -17.902 -17.902 0.000 
02S 6.892e-28 6.892e-28 -27.162 -27.162 0.000 
H2S 2.23le-36 2.23le-36 -35.651 -35.651 0.000 
S-2 0.000e+00 0.000e+00 -40.814 -41.051 -0.237 
S2-2 0.000e+00 0.0000+00 -65.546 -65.783 -0.237 
S3-2 0.000e+00 0.000e+00 -90.437 -90.674 -0.237 
S4-2 0.000e+00 0.0006+00 -115.629 -115.866 -0.237 
S5-2 0.000e+00 0.0009+00 -140.920 -141.157 -0.237 

----------------- ------------- Saturation indices ------------------------------- 

Phase SI log IAP log KT 

ANHYDRIT -1.84 -6.11 -4.27 CaS04 
ANTARCTI -11.66 -7.53 4.13 CaC12(H20)6 
AFLAGONIT -0.16 -8.50 -8.34 CaC03 
CA(OH)2 -11.02 11.79 22.81 Ca(OH)2 
CALCITE -0.03 -8.50 -8.47 CaC03 
CALCIUM -12.43 -7.53 4.90 CaCl2(H20)4 
CAS04. HY -2.64 -6.11 -3.47 CaS04(H20). 5 
FIX a- 0.00 0.00 0.00 0- 
Fix H+ -7.30 -7.30 0.00 H+ 
GYPSUM -1.51 -6.11 -4.60 C&S04(H20)2 
LAB. SALT -17.29 -23.02 -5.73 Na4C&(SO4)3 (H20)2 
MIRABILI -7.39 -8.46 -1.07 Na2SO4(H20) 10 
MONOHYDR -0.88 -8.50 -7.62 CaC03H20 
NA2C03 -11.52 -10.85 0.67 Na2CO3 
02(g) -53.92 29.20 83.12 02 
OXYCH-CA -1195.15 27.8 2 1222.97 C&4(OH)6CI 2(H20)13 
FIRSSONI -10.10 -19.36 -9.26 Na2C&(CO3)2 (H20)2 
S(C) -25.93 -61.69 -35.76 S 
THENARDI -8.22 -8.46 -0.24 Na2SO4 
THERMONA -11.51 -10.85 0.66 Na2CO3H20 
VATERITE -0.59 -8.50 -7.91 CaC03 
ZZ-CH4(G -37.61 -78.69 -41.08 CH4 
ZZ-H2(g) -14.60 -14.60 0.00 H2 
ZZ-H2S(G -34.66 -76.29 -41.63 H2S 
zz-PC02 -2.14 -20.29 -18.15 C02 
ZZ-S02(G -27.25 -32.49 -5.24 02S 

------------------ 
End of simulation. 
------------------------------------ 
Reading input data for simulation 2. 

------------------------------------ 

TITLE Nd in trench solution 
USE Solution 1 
EQUILIBRIUM PHASES 1 

Nd2(CO3)3 
FIX H+ -7.3 HC1 10.0 
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FIX-9- 0.742 02(g) 10.0 
END 

TITLE 

Nd in trench solution 

Beginning of reaction calculations. 
----------------------------------- 

Reaction step 1. 

Using solution 1. 

Using pure phase assemblage 1. 

-------------------------------Phase assemblage-------------------------------- 

Moles in assemblage 
Phase SI log IAP log KT Initial Final Delta 

FIX-e- 0.74 0.74 0.00 
02 is reactant 1.000. +0l 1.000. +01 -1.768. -15 

FIX-H+ -7.30 -7.30 0.00 
HC1 is reactant 1.000e+01 1.000e+01 -1.750e-07 

Nd2(C03)3 0.00 -33.70 -33.70 1.000e+01 1.000. +01 -4.208. -07 

----------------------------- Solution composition------------------------------ 

Elements Molality Moles 

C 2.833e-03 2.833e-03 
Ca 2.852e-03 2.852e-03 
Cl 5.003e-03 5.003e-03 
Mg 6.004e-04 6.004e-04 
Na 3.002e-03 3.002e-03 
Nd 8.416e-07 8.416e-07 
S 1.09le-03 1.091e-03 

------°--°°-------------- Description of solution---------------------------- 

pH - 7.300 Charge balance 
Pe - -0.742 Adjusted to redox equilibrium 

Activity of water - 1.000 
Ionic strength - 1.345e-02 

Mass of water (kg) - 1.0006+00 
Total alkalinity (eq/kg) - 2.596e-03 

Total C02 (mol/kg) - 2.833. -03 
Temperature (deg C) - 25.000 

Electrical balance (eq) - 1.279e-04 
Iterations - 11 

Total H-1.110155. +02 
Total 0-5.551908e+01 

----------------------------Distribution of species---------------------------- 

Species Molality 

OH- 2.286e-07 
H+ 5.548e-08 
H2O 5.551e+01 

C(-4) 2.811e-35 
CH4 2.811e-35 

CM 2.833e-03 
HC03- 2.522e-03 
H2C03 2.469e-04 
CaHCO3+ 4.051e-05 
MgHCO3+ 1.014e-05 
CaC03 4.450e-06 
C03-2 3.544e-06 
NaHCO3 3.229e-06 
MgC03 6.858e-07 
NdC03+ 5.284e-07 
Nd(C03)2 - 2.854e-07 
NaC03- 1.144e-07 

Ca 2.852e-03 
Ca+2 2.647e-03 
CaSO4 1.599e-04 
CaHCO3+ 4.051e-05 
CaC03 4.450e-06 
CaOH+ 8.808e-09 

C1 5.003e-03 
Cl- 5.003e-03 

H(0) 1.084e-16 
H2 5.420e-17 

Log Log Log 
Activity Molality Activity Gamma 

1.995e-07 -6.641 -6.700 -0.059 
5.012e-08 -7.256 -7.300 -0.044 
9.997e-01 0.000 0.000 0.000 

2.811e-35 -34.551 -34.551 0.000 

2.201e-03 -2.598 -2.657 -0.059 
2.469e-04 -3.607 -3.607 0.000 
3.534a-05 -4.392 -4.452 -0.059 
9.014a-06 -4.994 -5.045 -0.051 
4.450e-06 -5.352 -5.352 0.000 
2.054e-06 -5.450 -5.687 -0.237 
3.229e-06 -5.491 -5.491 0.000 
6.879a-07 -6.164 -6.162 0.001 
4.610e-07 -6.277 -6.336 -0.059 
2.490e-07 -6.544 -6.604 -0.059 
9.979e-08 -6.942 -7.001 -0.059 

1.534. -03 -2.577 -2.814 -0.237 
1.599e-04 -3.796 -3.796 0.000 
3.5349-05 -4.392 -4.452 -0.059 
4.450e-06 -5.352 -5.352 0.000 
7.685e-09 -8.055 -8.114 -0.059 

4.365e-03 -2.301 -2.360 -0.059 

5.420e-17 -16.266 -16.266 0.000 
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Mg 6.004e-04 
Mg+2 5.477e-04 3.510e-04 -3.261 -3.455 -0.193 
MgS04 4.189e-05 4.202e-05 -4.378 -4.377 0.001 
MqHC03+ 1.014e-05 9.014e-06 -4.994 -5.045 -0.051 
MgC03 6.858e-07 6.879e-07 -6.164 -6.162 0.001 

Na 3.00 2e-03 
Na+ 2.99le-03 2.6099-03 -2.524 -2.563 -0.059 
NaS04- 7.654e-06 6.678e-06 -5.116 -5.175 -0.059 
NaHC03 3.229e-06 3.229e-06 -5.491 -5.491 0.000 
NaC03- 1.144e-07 9.979e-08 -6.942 -7.001 -0.059 

Nd 8.41 6e-07 
NdCO3+ 5.284e-07 4.610e-07 -6.277 -6.336 -0.059 
Nd(C03)2- 2.854e-07 2.490e-07 -6.544 -6.604 -0.059 
Nd+3 1.638e-08 4.799e-09 -7.786 -8.319 -0.533 
NdS04+ 9.966e-09 8.695e-09 -8.001 -8.061 -0.059 
NdOH+2 1.143e-09 6.623e-10 -8.942 -9.179 -0.237 
Nd(S04)2- 2.273e-10 1.983e-10 -9.643 -9.703 -0.059 
Nd(OH)2+ 1.996e-11 1.742e-11 -10.700 -10.759 -0.059 
Nd(OH)3 1.516e-13 1.516e-13 -12.819 -12.819 0.000 

0(0) 0.00 0e+00 
02 0.000e+00 0.0000+00 -59.848 -59.848 0.000 

S(-2) 4.50 69-30 
HS- 4.506e-30 3.932e-30 -29.346 -29.405 -0.059 

S(6) 1.09 19-03 
S04-2 8.812e-04 5.1060-04 -3.055 -3.292 -0.237 
CaS04 1.599e-04 1.599e-04 -3.796 -3.796 0.000 
MgS04 4.189e-05 4.202e-05 -4.378 -4.377 0.001 
NaSO4- 7.654e-06 6.678e-06 -5.116 -5.175 -0.059 
NdS04+ 9.966e-09 8.695*-09 -8.001 -8.061 -01059 
HS04- 2.867e-09 2.50le-09 -8.543 -8.602 -0.059 
Nd(S04)2- 2.273e-10 1.983e-10 -9.643 -9.703 -0.059 
H2SO4 1.253e-18 1.253e-18 -17.902 -17.902 0.000 
02S 2.10le-26 2.10le-26 -25.678 -25.678 0.000 
H2S 1.926e-30 1.926e-30 -29.715 -29.715 0.000 
S-2 1.3239-35 7.666e-36 -34.878 -35.115 -0.237 

------------------------------ Saturation indices ------------------------------- 

Phase SI log IAP log KT 

ANHYDRIT -1.84 -6.11 -4.27 CaS04 
ANTARCTI -11.66 -7.53 4.13 CaCl2(H20)6 
ARAGONIT -0.16 -8.50 -8.34 CaC03 
CA(OH)2 -11.02 11.79 22.81 Ca(OH)2 
CALCITE -0.03 -8.50 -8.47 C&C03 
CALCIUM -12.43 -7.53 4.90 CaCl2(H20)4 
CAS04. HY -2.64 -6.11 -3.47 CaS04(H20). 5 
FIX a- 0.74 0.74 0.00 4- 
FIX H+ -7.30 -7.30 0.00 H+ 
GYO-SUM -1.51 -6.11 -4.60 C&S04(H20)2 
LAB. SALT -17.29 -23.02 -5.73 Na4C&(SO4)3( H20)2 
MIRABILI -7.39 -8.46 -1.07 Na2SO4(H20)10 
YjCNOHYDR -o. ee -8.50 -7.62 CaC03H20 
NA2C03 -11.52 -10.85 0.67 Na2CO3 
NaNd(C03)2 -0.89 -22.28 -21.39 NaNd(C03)2 
NaNd(SO4)2 -6.81 -17.49 -10.68 NaNd(SO4)2 
Nd(OH)3 -7.01 13.58 20.59 Nd(OH)3 
Nd(OH)3(c) -1.38 13.58 14.96 Nd(OH)3 
Nd2(CO3)3 0.00 -33.70 -33.70 Nd2(CO3)3 
Nd2SO4(OH)4 -4.50 9.27 13.77 Nd2SO4(OH)4 
NdOHCO3 -0.77 -6.71 -5.94 NdOHCO3 
02(g) -56.89 26.23 83.12 02 
OXYCH-CA -1195.15 27.82 1222-97 Ca4(OH)6Cl2 (H20)13 
PIRSSONI -10.10 -19.36 -9.26 Na2C&(CO3)2(H20)2 
S(C) -21.48 -57.24 -35.76 S 
THEMD1 -8.22 -8.46 -0.24 N&2SO4 
THERMORA -11.51 -10.85 0.66 WCOMO 
VATERITE -0.59 -8.50 -7.91 CaC03 
ZZ-CH4(G -31.67 -72.75 -41.08 CH4 
ZZ-H2(q) -13.12 -13.12 0.00 H2 
ZZ-H2S(G -28.73 -70.36 -41.63 H29 
ZZ-PC02 -2.14 -20.29 -18.15 C02 
ZZ-S02(G -25.77 -31. oi -5.24 02S 

------------------ End of simulation. 
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Appendix 7.2a The aqueous speciation of 10-7M Ce in 1mM TIC 

(after CHEMVAL 6) 
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Appendix 7.2b Aqueous speciation of 10-7M Ce in 0.01mM TIC 
(after CHEMVAL 6) 
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Appendix 7.2c The aqueous speciation of 1 07M Nd in 1rnM TIC (after CHEMVAL 6) 
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Appendix 7.2d "The aqueous speciation of 10 7M Nd in 0.01 mM TIC 

(after CHEMVAL 6) 
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Appendix 7.3a The aqueous speciation of 10-'M Ind in 10"M TIC 

(after Lee & Byrne 1992/1993) 
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Appendix 7.3b The aqueous speciation of 10-7M Nd in I0-SM TIC 
(after Lee & Byrne database) 
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Appendix 7.3c The aqueous speciation of 10-7M Nd in 10-=M TIC 

(after Lee & I3 me 1992/1993) 
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Appendix 7.3d The aqueous speciation of 10-7M Nd in 10 SM TIC 

(after Lee & Byrne database) 
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Appendix 7.4a The speciation of aqueous 10-7M Am in 10,3 M TIC 

(after CHEMVAL 6) 
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Appendix 7.4b The speciation of 10-7M Am in I0-SM TIC 
(after CHEMVAL 6) 
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Appendix 7.5a The speciation of 10-7M Ain in 10mM TIC solution 
(after Silva et al., (1995)/NEA 9) 

1x1O 

8xl()" + 

6x 

" 4x10" 

ý' 

2x10 "/\ 

0 ýr"ýr-ý"ý"ý-ý ýý-fit- ýý 

467 

x )K 

0ý 
le 

4- Am" 

+ Am( 

-X Am(()I I), YK 
WX 

Ar(()I hu 

-+- AmL< 
X 

+X -X-AmICO, 1_ 

\ -31E- AmlCC )ýýýý 
1 

}4/ 
III 

ýý- X 

89 ID II 12 13 14 

pH 

Appendix 7. Sb The speciation of 107M Am in ImM TIC solution 
(after Silva et al., (1995)/NEA 9) 
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Appendix 7.5c The speciation of 10-7M Ain in 0.1inM TIC solution 
(after Silva et al., (1995)/NEA 9) 
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Appendix 7.5d The speciation of 10-7M Am in 0.01mM TIC solution 
(after Silva ei a!., (1995)/NEA 9) 
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Appendix 7.6a The aqueous speciation of 10-7M Nd in I0-3M TIC 
(after NEA database) 
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Appendix 7.6b the aqueous speciation of 10-7M Nd in 10-SM ,, C 
(after NEA database) 
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Appendix 7.6c The aqueous speciation of 10-7M Nd in 10-2M TIC 

assuming Nd(CO1)33 log =K 15.2 (after NEA database) 
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Appendix 7.6d The aqueous speciation of 10-7M Nd in I 0-'M TIC 

assuming Nd(CO1)33 log K= 15.2 (after NEA database) 
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Appendix 7.7a Nd solubility in 1mM TIC and 1mM SO42 solution 
calculated with Lee and Byrne (1992 & 1993) aqueous species constants 
at 298.15K and 1 atm pressure Log Ksp (I his kork) 
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Appendix 7.7b Nd solubility in 1mM TIC and 1mM SO42 solution 
calculated with NEA 9 (Table 7.1) aqueous species constants 
at 298.15K and I atm pressure 
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Appendix 7.8 Stability field diagram for the Nd-TIC-pH-Na system (This work) 

at [Na ]= 1mM, 298.15K and I atm pressure 
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Appendix 7.9 Stability field diagram with data from 'Runde et a/ and `'Rai el al 
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Appendix 7.1 Oa Nd solubility in 10mM Na and 10mM TIC solution 

calculated fro m modal solubility products (Table 7.6) using aqueous data from 
Lee & Byrne (1992 & 1993) at 298.15K and I atm pressure 

10' 

10, - 

, 

I0 

10, 

10 

10 K Solid Phase log Ksp 

NaNd(CO, )_ -21,35 
10' Nd, (CO, ), -33.70 

NdCO, )ll -19.90 
10 Nd(()l1), -2190 

lO 
Nd(ull), (a) -27.04 

1- 10 
4 56789 lD II 12 I, 14 

pH 

Appendix 7.10b Nd solubility in IOmM Na and IOmM 'f1C with various 

solubility products (Table 4.7) aqueous data from Lee & Byrne (1992 & 1993) 
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Appendix 7.11 Stability field diagram this work at [Na ]= 1mM 
including the Eu2(CO3)3-crystalline Eu(OH)3 boundary 
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Appendix 7.12 Stability field diagram after Runde et al (1992) at [Na ]1 mM 
indicating the effects of increasing Eu(OH), crystallinity 
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Appendix 7.13a Eu solubility in 10niM Na and 10mM TIC solution 
calculated from modal solubility products (Table 7.6) using aqueous data from 

Lee & Byrne (1992 & 1993) at 298.15K and I atm pressure 
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Appendix 7.13b Eu solubility in 10mM Na and 10mM TIC solution with various 
solubility products (Table 4.7) using Lee & Byrne (1992 & 199; ) aqueous data 
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Appendix 7.14 Stability field diagram for the Ce-TIC-pH system at varied pe 
and 298.15K and I atmn pressure CeO2 log K 30.66 
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Appendix 7.15 Stability field diagram for the Ce-TIC'-pH system at varied pe 
at 298.15 K and I atin pressure CeO, log K21.12 
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Appendix 7.16a Nd solubility in high F /low SO, 2 groundwater 
(after Wood 1990. Table 7.7) 
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Appendix 7.17a Ce solubility in modal groundwater at pe 0 
(after Wood 1990, Table 7.7) 

10' + +, + 

x 
+++ + ++++++++: $++++++++++ 

10" XX 
U Phase log Ksp , 

I0" 

1016 IogK 

--+ Ce(01I)j -19.9 
x 10 

-+- Ceo, 3Q66 

-'° 
-X-CcOz 21.12 

10 
4 s67 99 

pH 

Iu 11 12 13 14 

Appendix 7.17b Ce solubility in high TIC/low SO, 2- groundwater at pe 0 
(after Wood 1990, Table 7.7) 
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Appendix 7.18a Nd Solubility in groundwater (after Randall 1998, Table 7.8) 

aqueous speciation after Lee & Byrne, 1992 and 1993) 
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Appendix 7.18b Am solubility in groundwater (after Randall 1998, Table 7.8) 

aqueous species after Silva., e[ a/ 1995 
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Appendix 7.18c Ce solubility in groundwater at pe 0 (after Randall 1998, Table 7.8) 

aqueous speciation after Lee & Byrne, 1992 and 1993) 
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Appendix 8.7a Predicted Nd adsorption to goethite in 1mM TIC solution 

initial solution [Nd(aq)], 
O,,, i 

5x1O 7M logK 3.8, (Lee & Byrne aqueous data) 
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Appendix 8.7b Precited Nd adsorption to goethite in 1mM TIC solution 

initial solution [Nd(aq)], 
�w, 

5x10-7M logK 3.8, (Lee & Byrne aqueous data) 
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Appendix 8.8a Predicted Nd adsorption to goethite in 0.1mM TIC solution 

initial solution [Nd(aq)]�, 
ui 

5x10-7M IogK 3.8, (Lee & Byrne aqueous data) 

dYlll 

+ 
+ 

fe(X)-Nd(ads) 

---- Nd(a9) 
ýN 2c I l) 

Nd'. 

NdO112* 
ö 

ýclllý --X Nd(OH), 

X- Nd(()H), " 

NdCO, * 

X Nd(CO, ), IýIO, 

} 

f 
11 

23 d 5 6 7 8 9 10 1 1 12 13 14 

pH 

Appendix 8.8b Predicted Nd adsorption to goethite in 0.1 nIM TIC, solution 

initial solution [Nd(aq)lto,,,, 5xlO"M logK 3.8, (Lee & Byrne aqueous data) 
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