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State-of-the-art Raman spectroscopic techniques have been employed to 

quantitatively measure (i) the temperature-dependent Raman properties and thermal 

decomposition of several non-complexing anions in acidic and neutral solutions at 

temperatures up to 400 oC, (ii) the first and second formation constants of the uranyl sulfate 

system from 25 – 375 °C, and (iii) the speciation and concentrations of liquid-liquid phase 

separated mixtures of uranyl sulfate and sulfuric acid up to 425 °C. 

The results of the first study show the stability followed the order HSO4
- (stable) > 

ReO4
- > ClO4

- > CF3SO3
- in acidic solution, with half-lives over 7 h at 300 oC.  In neutral 

solutions, the order was HSO4
- (stable) > CF3SO3

- > ReO4
- > ClO4

-, with half-lives over 8 

h at 350 oC.  Raman vibrational frequencies and relative Raman scattering coefficients of 

these anions were determined, providing temperature-dependent data for frequency 

calibration and for determining the efficiency of these anions to scatter Raman light.  To 

our knowledge, this manuscript is the first of its kind to report quantitative values using 

this methodology. 



The first and second formation constants of the uranyl sulfate system were 

quantitatively determined for the first time at t > 75 °C up to supercritical conditions.  A 

drastic increase in both constants is observed, compared to an extrapolation of literature 

values, owing to the formation of uranyl sulfate complexes at high temperature.   

At t > 375 °C, uranyl sulfate solutions separated into two immiscible liquids, rich 

and deficient in uranium, respectively.  A solid, presumed to be UO3·H2O(s), formed in the 

rich phase of solutions without excess sulfuric acid.  Analysis shows the uranyl ion is 

completely complexed in both phases, forming UO2SO4
0(aq) and minor amounts of 

UO2(SO4)2
2-(aq).  The relative abundance of UO2SO4

0(aq) increases with temperature.  At 

t ≥ 400 °C, excess HSO4
-(aq) forms in the uranium rich phase.  For the uranium deficient 

phase, no uranium or sulfur species are detectable at 400 °C.  Concentrations in both phases 

were quantified by using the homogeneous phase spectra as an external standard, together 

with densities calculated using the Helgeson-Kirkham-Flowers equation of state, and a 

reasonable density estimation using apparent molar volumes. 
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Chapter I 

 

General Introduction 

 

 

 

I.1   Physical Properties of High Temperature Water 

Water offers a solvation medium with an extremely wide range of solvent properties in 

which to perform chemical processes, purely by varying the temperature and pressure.  The 

density,1 dielectric constant,2 and viscosity3 of water are shown versus temperature in Figures I.1 

– I.3, respectively, which are all shown to be significantly reduced at elevated temperatures.  The 

compressibility1 of water (Figure I.4), on the other hand, increases drastically as temperature 

increases.  Furthermore, the hydrogen bonding network is known to break down at elevated 

temperatures because of increased thermal motion,4 reducing the average hydrogen bond number 

from four at ambient conditions to approximately two at 300 °C.  Thus, the solvent properties of 

water at ambient conditions are extremely different from those at elevated temperatures and 

pressures. 

Figure I.5 is the phase diagram of water, which shows its more familiar states of matter: 

solid, liquid and gas.  Also shown in Figure I.5 is the critical point of water, which is located at the 

critical temperature (TC) and pressure (PC) of 373.9 °C and 22.1 MPa respectively.4  Two broken 

lines originate from the point (TC, PC) in Figure I.5, and are present to show the boundaries of the 

supercritical water (SCW) phase.  It is prudent to define and discuss this particular state of matter 
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in more detail.  When approaching the critical point along the gas-liquid coexistence curve in 

Figure I.5, the liquid phase becomes less and less dense, while the vapour pressure of the fluid 

increases.  The critical point is by definition the temperature and pressure where the properties of 

the vapour and liquid phases meet, and the two phases become undistinguishable from each other.  

There exists no classical phase transition when passing to or from the supercritical phase, over the 

thermodynamic conditions labelled by the dotted lines in Figure I.5.  These transitions are a 

smooth, continuous process, with no “heat of supercriticality” analogous to heats of vaporization, 

condensation, etc...  The density, enthalpy, entropy and heat capacity of the fluid are all continuous 

functions when passing to the supercritical phase.   

Furthermore, the compressibility of water increases towards infinity at (TC, PC) (see Figure 

I.4).  At pressures higher than the saturation vapour pressure, the compressibility still exhibits a 

maximum value at a temperature T > TC.  A very large compressibility means there is minimal 

energy required for water molecules to reform their partially broken hydrogen bonding network, 

which leads to a very non-uniform solution, with regions of high and low density.5  Under these 

conditions, the entropy cost in creating these high-density clusters is balanced by the increase in 

favourable intermolecular interactions.  This can affect aqueous chemistry in the following way:  

the existence of these regions of high and low density makes it energetically favourable for 

hydrophilic species to be solvated in the high water density regions, with a large solvation shell.  

Conversely, it is energetically favourable for hydrophobic species to be in regions of low water 

density, with almost no solvation shell.  This can lead to an obvious minimum or maximum in 

species interaction, depending on whether the two species share different or similar 

hydrophilicities, respectively.  This can lead to very unusual chemistry at thermodynamic 
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conditions near the critical point,4-6 with solvation behaviour unlike those encountered in 

conventional benchtop chemistry.  

 

I.2   High Temperature Aqueous Chemistry 

 I.2.1   Historical Context 

 Originally, it was Arthur A. Noyes7 who recognized the importance of studying high 

temperature and pressure aqueous chemistry.  As he wrote in 1907, “It was not, however, primarily 

the direct value, however great, of the physical and chemical constants of specific substances at 

high temperature that led to this investigation, but rather the hope that, by determining them under 

widely varied conditions of temperature and pressure, general principles might be established…”.  

His measurements were the pioneering measurements in this field of research, and set a very high 

standard for high temperature aqueous chemistry research, such that his results still compare well 

with modern research.8 

 

I.2.2   Thermodynamic Standard States 

 All thermodynamic data is in reference to some standard state, which is an arbitrary 

reference point that puts all data on common ground.  IUPAC defines the standard state of molal 

concentration (moles per kilogram of water) m° as an ideal species that experiences no ionic 

strength effects, and is at a concentration of 1 mol·kg-1.   In other words, m° is a solution at 1 

mol·kg-1 that behaves as if it each molecule was at infinite dilution.  It is an obviously fictitious 
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definition that no chemical system follows, but its definition is useful when considering the 

equilibrium constant Qa for the reaction A+(aq) + B-(aq) ⇌ AB(aq)  

 
 

   
/

/ /

ABAB
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A B A B

m ma
Q Q

a a m m m m


   


 

  
      (I.1) 

where Qγ is the activity coefficient quotient.  Qa is typically written without displaying m° for 

brevity, but is generally understood to be included since all equilibrium constant values are 

dimensionless quantities. 

 For high temperature and pressure chemistry, the standard state is typically defined in 

molal units m° rather than molar units c° (c° = 1 mol·L-1) because molality is unaffected by the 

expansion or compression of the solvent with temperature and pressure. 

 Ionic strength effects are defined by the activity coefficient γ, whose standard state γ° is 

also at infinite dilution.  By definition, infinite dilution contains no ions to contribute to ionic 

strength effects and thus γ° = 1.  The equilibrium constant Qa is then 
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I.2.3   Activity Coefficient Models 

 The first successful theory in modelling the deviation of chemical systems from the 

standard state γ°, was developed by Debye and Hückel in 1923.9  The Debye-Hückel Equation, 

shown in Equation (I.3), 
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        (I.3) 

is a mathematically rigorous expression at low ionic strengths for the activity coefficient γ, where 

z± is the charge on the cation or anion, A (mol-1/2·kg1/2) and B (nm-1·mol-1/2·kg1/2) are Debye-Hückel 

constants that depend on temperature,10 å is the “distance of closest approach” between cations 

and anions (nm), and I is the ionic strength, defined as  

 21

2
i i

i

I m z            (I.4) 

where mi is the molality of species i, and zi its charge.  The term å is difficult to derive for all 

possible ions, and thus the product Bå is typically chosen to be fixed between 0.5 – 2.0 mol-1/2·kg1/2.  

An example of this is an empirically derived temperature dependent Bå term from 0.9 – 2.0  

mol-1/2·kg1/2 which adequately describes the second dissociation constant of H2SO4 from 25 – 350 

°C in saturated CaSO4 solutions (ionic strengths as high as 1.5 mol·kg-1).11 

Despite the fact that the derivation of Equation (I.3) involves several approximations -  the 

assumption that the solute is completely dissociated, the solvent plays no role other than a dielectric 

medium, and ions are hard spheres - it is successful in describing departures from ideal behaviour 

of dilute electrolyte solutions.  The model is so successful describing dilute solutions that more 

advanced expressions are required to follow the “Debye Hückel Limiting Law” (DHLL), or in 

other words, to converge to Equation (I.3) as the ionic strength approaches zero. 

 There exist many models that extend the Debye-Hückel Equation, which are too numerous 

to mention.  An example of an extended Debye-Hückel Equation is the Specific Ion Interaction 

Theory, or SIT model, displayed in Equation (I.5) 
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where ( , , )mj k I  is a parameter that depends on the ionic strength, which describes the interaction 

between ions j and k, and mk is the molality of ion k.  The product Bå is chosen to be 1.5  

mol-1/2·kg1/2.  Inspection of Equation (I.5) shows that as I approaches zero, the summation also 

approaches zero, since it is scaled by the molalities mk.  Thus, the infinite dilution of the SIT model 

follows the DHLL.  The SIT model depends on experimental data to derive the interaction 

parameters, and as such is not a general model that can be applied to any solution.  Typically, 

solution conditions are chosen such that the major species in solution have known ion interaction 

parameters, and control the ionic strength.  

 

I.2.4   Solvation Effects:  Modelling Implicit and Explicit Solvation 

 Modelling the interaction of an aqueous species with the solvent requires one to take into 

account two very different interactions.  The first, which is a short-range effect, is through 

hydrogen bonding with the solvent molecules.  The second, which occurs over much longer 

distances, is an electrostatic interaction of the solute with the dielectric continuum of the solvent. 

   The electrostatic interaction is well described by the Born Model, which is based on classic 

electrostatics.12  It considers the energy required to first discharge an ions charge in a vacuum, then 

recharge the ion inside of an appropriately sized cavity inside the dielectric medium.  The work w 

required is expressed as 
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where εs is the dielectric constant of the medium, zi and ri the ion’s charge and ionic radius, 

respectively, and ε0 and e are universal constants.  The Gibbs energy of solvation is then,  

2

0

( ) 1
1

8

L i
s i

i s

N z e
G

r 

 
   

 

 
       (I.7) 

where NL is Avogadro’s number.   

 The Born Model, however, completely neglects hydrogen bonding effects, which causes 

large fluctuations in the dielectric constant of a solvent due to localized structural coordination 

(i.e., hydrogen bonding).12  These effects are very difficult to tackle theoretically, and thus 

empirical models have been developed to account for short range effects. 

 One such model is the Helgeson-Kirkham-Flowers (HKF) Model.13-14  The basis of this 

model is defining the standard molar properties Y° as the sum of two terms, a Born term 0

BornY  

derived from Equation (I.7), and a non-electrostatic second term 0

NEY  which is based on a semi-

empirical approach.   

 For example, the partial molar volume V0 is defined as the partial derivative of the Gibbs 

free energy with respect to pressure.   For the Born term,  

2
0

2

0

( ) 1

8

s i L i s
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     (I.8) 
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 The partial molar volume from non-electrostatic interactions with the solvent is defined 

as15 

0 2 4
1 3

1
NE

a a
V a a T

P T P

 
    

    

 
     (I.9) 

where Φ = 260 MPa, Θ = 228K, P and T are the pressure and temperature, a1 is the intrinsic volume 

of the ion, and a2, a3 and a4 are adjustable parameters derived from fits of experimental data to 

Equation (I.9).14  The combination of Equations (I.8) and (I.9) accurately describe partial molar 

volumes of many aqueous electrolytes up to 500 MPa and 450 °C.14  The HKF model owes its 

success in the limiting behaviour of 0

BornY , which dominates at high temperature where the Born 

model is successful, and 0

NEY , which dominates at low temperatures where the Born model falls 

short. 

 Another such model is the “Density Model”, which is an empirical fitting function of 

experimental data to temperature and the temperature-dependent density of water.16  For example, 

an expression for the Gibbs free energy of an ionization constant Kion described by the density 

model is  

2 3 2
/ ln ln( )ion ion W

B C D F G
G RT K A E

T T T T T


 
           

 

 
  (I.10) 

where ρW is the temperature-dependent density of water, T is the temperature, R is the universal 

gas constant, and A, B, C, D, E, F and G are fitting parameters.  The beauty of Equation (I.10) is 

that the terms A – D dominate at low temperature, describing low temperature hydrogen bonding 
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effects, while the ln(ρW) term causes the terms E – G to dominate at high temperatures, describing 

temperatures where long-range polarization effects dominate.  

 

I.2.5   Liquid-Liquid Phase Separation of Ionic Species 

Aqueous ionic species can be divided into two basic types: hydrophobic and hydrophilic 

ions.  The difference between each type of ion is obvious; hydrophilic ions interact favourably 

with the solvent, while hydrophobic ions need to push the solvent away in order to occupy a 

volume in solution.  By raising or lowering the temperature of solution, the density and dielectric 

constant are subsequently altered, thus changing the interaction of hydrophilic and hydrophobic 

species in solution.  

One of the consequences of the temperature dependence of the density and dielectric 

constant of water is that, for hydrophilic ions, the temperature can only be raised so high until 

solute-solvent interactions becomes unstable relative to solute-solute interactions,17-18 at which 

point demixing of the solution into a two phase system will be energetically favoured.  A general 

characteristic of solutes that undergo this type of demixing is a lower critical solution temperature 

(LCST), as is the case for the uranyl sulfate system.18   

A second type of liquid-liquid immiscibility, labelled “solvophobic unmixing” occurs for 

hydrophobic species.  The solvation of hydrophobic species becomes increasingly favoured as 

temperature increases due to the decreased dielectric constant and hydrogen bonding network.  

Thus, the defining characteristic of solvophobic unmixing is an upper critical solution temperature 

(UCST).18 
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 In general, a LCST (or UCST) exists for all solutes in aqueous solution.  However, the 

solubility limit of these species typically makes the experimental observation of demixing 

impossible.   Thus, little data is available on the concentrations and speciation of solutions.  As 

mentioned in the next Section, there is theoretical interest in this type of data for the development 

of advanced solvation models in order to be able to predict demixing behaviour.17-19  

 

I.3   Scientific and Industrial Interest in High Temperature Aqueous Uranium Chemistry 

In the spirit of what A. A. Noyes spoke of concerning the investigation of high temperature 

and pressure aqueous systems, the uranyl ion is of scientific interest, as it is a doubly charged 

cation with a very rich aqueous chemistry.20-21  Models such as Equations (I.3) – (I.5) tend to be 

strained at high ionic strengths, where ion-ion interactions become very important.  Since a 2:2 

electrolyte produces a much higher ionic strength compared to an equivalent concentration of a 

1:1 electrolyte, a wealth of experimental data on 2:2 electrolyte systems affords the opportunity to 

assess the validity of new solvation models at ionic strengths unavailable to other chemical 

systems.  Furthermore, the substantial solubility of uranyl salts in high temperature water allows 

for the collection of data at very high ionic strengths, and to temperatures at the critical point of 

water and beyond, testing the validity of models that extend to these conditions.  Lastly, the phase 

separation phenomenon of uranyl sulfate solutions is of theoretical interest,17-19 and a lack of high 

temperature data limits modelling this system to the homogeneous phase.19  

 The primary industrial interest in uranium chemistry obviously lies in the nuclear sector.  

Research on aqueous uranium chemistry originated in the late 1940s, stemming from the original 

conceptual design for a nuclear power generation station – the aqueous homogeneous reactor, 
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where the uranium fuel is in the form of high temperature aqueous uranyl sulfate.22-23  The 

discovery23 of the liquid-liquid phase separation of UO2SO4 solutions at t ≥ 295 °C limited the 

reactor to temperatures below this phase transition, and was the reason for abandoning this reactor 

design.   

Commercial nuclear power plant designs then shifted towards using solid UO2 as the 

nuclear fuel, contained in numerous fuel bundles inside the reactor core.  Examples of these types 

of reactors are Boiling Water Reactors (BWRs) and Pressurized Water Reactors (PWRs), although 

only the CANDU-6 PWR will be covered here for brevity.  Common to each design is the uranium 

fuel existing as UO2(s), contained in numerous fuel bundles inside the reactor core.  Figure I.6 

shows the CANDU-6 fuel bundle design, while Figure I.7 shows a simplified schematic of a 

CANDU-6 generation plant.  The plant operates by passing heavy water through the core, which 

acts as both the coolant as well as a neutron moderator.  The water enters the core at 250 °C and 

exits at 310 °C.  This coolant is then passed through a heat exchanger, which boils light water in a 

secondary coolant loop, generating steam, which in turn rotates the turbines and produces 

electricity via a generator.  Any failure of the fuel bundle material will expose UO2(s) to very high 

temperature water.  This is typically not a major issue, as fuel failures are rare, UO2(s) is extremely 

insoluble,24 and the CANDU-6 operates under temperatures and coolant chemistry conditions 

where the coolant is reducing.25 

A current design concept for the next generation of nuclear reactors is the SuperCritical 

Water Reactor (SCWR), which modifies the design of the CANDU-6 by using a single, direct-

cycle light water coolant loop, and increasing the core outlet temperature to 625 °C (see Figure 

I.8).26  The motivation behind this design shift is improved efficiency, safety, and sustainability, 

while reducing construction costs, maintenance costs and nuclear proliferation.26  However, the 
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use of a single loop design and the extension of the coolant temperatures to these conditions carry 

with them several chemistry challenges.27  First, the coolant is now oxidizing, which would 

significant enhance the solubility of UO2(s) in the event of a fuel failure because of the very high 

solubility of UO2
2+(aq).22-23  Second, the single loop design of the SCWR has the consequence of 

permitting species common to condenser leaks (SO4
2-(aq), CO3

2-(aq), Cl-(aq) and OH-(aq), among 

others)27 to be transported throughout the entire system, and these species share a rich chemistry 

with UO2
2+(aq).28  Lastly, only a few studies have produced quantitative data on the chemistry 

between UO2
2+(aq) and these ligands at higher than ambient temperatures,29-33 with the highest 

temperature investigated being 94 °C.29  

For the reasons outlined above, an investigation into the aqueous chemistry of UO2
2+(aq) 

from ambient to supercritical conditions has been undertaken in our research group, with the aim 

of satisfying several fundamental scientific interests while providing useful quantitative data 

applicable to the nuclear industry.   

 

I.4   Literature Review of Uranyl Coordination Chemistry  

The thermodynamics of the coordination chemistry of uranium species have been a subject 

of interest since the birth of nuclear energy in the 1950’s.  Since then, several databases34-36 have 

been constructed which report the thermodynamic properties of relevant nuclear materials, with 

the greatest emphasis on uranium species.  The most widely accepted database is the review 

performed by the Nuclear Energy Association (NEA).20, 37  The current state of these databases, 

with respect to the stability constants of uranyl ion coordination chemistry, is quite good at 25 °C.  

However, data is scarce at temperatures higher than 94 °C, and no data exists beyond 200 °C.   
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The chemistry of the uranyl ion in aqueous media is dominated by the coordination of the 

uranium center to the ligands OH-(aq), F-(aq), Cl-(aq), SO4
2-(aq), CO3

2-(aq), PO4
3-(aq), and several 

organics.28  Uranyl coordination complexes were classified by Nguyen-Trung et al.38, who 

investigated aqueous uranyl salt solutions of varying concentrations by Raman spectroscopy.  They 

made use of the symmetric stretching frequency of the hydrated uranyl ion, UO2(H2O)5
2+(aq), and 

the subsequent appearance of Raman bands when the ligand concentration was increased, due to 

the formation of coordination complexes from ligand exchange with the waters molecules of 

hydrated UO2
2+(aq).  The number of observed Raman bands was then used to quantify the 

speciation number of uranyl with the ligands OH-(aq), CO3
2-(aq), F-(aq), SO4

2-(aq), Cl-(aq),  

Br-(aq), NO3
-(aq), ClO4

-(aq), and HSO4
-(aq).  The Raman bands that appeared due to ligand 

exchange were at a lower Raman vibrational frequency due to the weakening of the uranium-

oxygen bond.  Though the mechanism of this bond weakening varies ligand to ligand, in general, 

there is a competition between the σ or π electron-donating contribution of the ligand and the 6d 

or 5f/6d hybrid orbitals involved in the O=U=O bonds.39  In other words, part of the electron 

density involved in the newly formed uranyl-ligand bond stem from the 6d or 5f/6d orbitals 

involved in the O=U=O bonds.  

The linear relation shown in Equation (I.11) is reported38 for the ligands listed above,  

1

1( ) 870v cm An  
 

        (I.11) 

where ν1 is the uranyl ion symmetric stretching frequency, n  is the average number of ligands 

coordinated to the uranium center, and A is a constant characteristic of the ligand.  The magnitude 

of A is a direct measure of the strength of the uranyl coordination complex.  The discussion here 

will be limited to the ligands pertinent to the SCWR: OH-(aq), SO4
2-(aq), CO3

2-(aq) and Cl-(aq).   
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 I.4.1   Complexation of Uranyl with Sulfate  

Nguyen-Trung et al. report the appearance of three bands in the vicinity of the fully 

hydrated UO2
2+ symmetric stretch at 870 cm-1 in aqueous uranyl sulfate systems.38  These bands 

appear at 860 ± 2 cm-1, 852 ± 1 cm-1 and 843  ± 1 cm-1, and were attributed to the formation of the 

UO2SO4
0(aq), UO2(SO4)2

2-(aq), and UO2(SO4)3
4-(aq) species.  In accordance with Equation (I.11), 

the characteristic constant A is 9 ± 1 cm-1.  The relatively large value of A, coupled with the 

relatively low experimental SO4
2-/UO2

2+ concentration ratios used by Nguyen-Trung (in the range 

of 5 – 100) are indicative of the relatively high stability of uranyl sulfate complexes.  At the much 

higher SO4
2-/UO2

2+ ratio of 600, the authors report the continued presence of the 843 cm-1 band 

with the lack of the formation of a fourth band, which likely indicates that the highest coordination 

number of SO4
2- with the uranyl ion is three, consistent with bidentate bonding to the uranium 

center. 

For UO2SO4
0(aq), monodentate bonding has been observed at low SO4

2-/UO2
2+ ratios by 

an Infrared (IR) study, and several Extended X-ray Absorption Fine Structure (EXAFS) studies.  

First, by IR spectroscopy, monodentate coordination was observed at SO4
2-/UO2

2+ ratios of 1, and 

a second binding mode was observed at a ratio of 3.5.  However, it remained unclear from their 

work if this was bidentate, or bridging bidentate bonding.40  The (chronologically) first EXAFS 

study on this system observed exclusively bidentate coordination in an excess of sulfate.41  Another 

EXAFS study focuses on a SO4
2-/UO2

2+ ratio of 1, and report only one U-S interatomic distance, 

whose value is consistent with monodentate coordination.42  Hennig et al. subsequently published 

several EXAFS works on the uranyl sulfate system,43-47 and concluded that monodentate binding 

predominates at a [SO4
2-]/[UO2

2+] ratio of 1, while bidentate binding increases with increasing the 

sulfate to uranyl ratio (up to 7).  However, each solution has a minor contribution to the other 
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coordination structure, meaning two isomers exist in solution.  It is obvious that monodentate 

versus bidentate coordination of sulfate to the uranyl ion is strongly dependent on the ratio of  

SO4
2-/UO2

2+ in solution.  This information would prove useful if a Raman peak, inconsistent with 

the O=U=O vibrational frequencies listed above, were observed at low to intermediate 

concentrations in our future results (i.e. if the Raman O=U=O vibrational frequency is sensitive to 

both monodentate and bidentate coordination).  However, at 25 °C, only one O=U=O Raman 

vibrational peak is observed experimentally for UO2SO4
0(aq) and UO2(SO4)2

2-(aq).38   

The uranyl ion undergoes three stepwise association reactions with sulfate, as shown in 

Reactions (I.12) – (I.14),  

UO2
2+(aq) + SO4

2-(aq) ⇌ UO2SO4
0(aq),  

0
2 4

2 2
2 4

1

UO SO

UO SO

a
K

a a 

   (I.12)  

UO2
2+(aq) + 2SO4

2-(aq) ⇌ UO2(SO4)2
2-(aq),  

2
2 4 2

2 2
2 4

( )

2 2

UO SO

UO SO

a

a a




 

   (I.13) 

UO2
2+(aq) + 3SO4

2-(aq) ⇌ UO2(SO4)3
4-(aq),  

4
2 4 3

2 2
2 4

( )

3 3

UO SO

UO SO

a

a a




 

    (I.14)
 

Several authors have measured or estimated these stability constants using various methods.31-32, 

48-53  These review by Berto et al.28 suggests the most reliable speciation values of log K1 and  

log β2 at 25 °C are 3.40 ± 0.07 and 4.62 ± 0.06, respectively.  The most recent NEA review 20 

accepts the 25 °C values of log K1 and log β2 of 3.15 ± 0.02 and 4.14 ± 0.07.  
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Few authors extend their experimental conditions beyond ambient temperatures and 

pressures.  Spectrophotometric and calorimetric studies have produced stability constants for 

Reactions (I.12) and (I.13) from 25 to 70 °C.31  A critical review by Lemire and Tremaine in 1980 

used the available thermodynamic data at the time, and estimated the equilibrium constant of 

Reaction (I.12) up to 200 °C, which is in excellent agreement with those mentioned above.50  

Vercouter et al.32 measured the first two equilibrium constants by time-resolved laser-induced 

fluorescence spectroscopy from 10 – 75 °C, producing stability constants within experimental 

error of those of Tian and Rao.31 

Experimentally, the species UO2(SO4)3
4-(aq) is difficult to observe, and is often considered 

a minor or even negligible contribution to the overall speciation of the uranyl sulfate system.  The 

stability constant β3 has been measured to have a negative value, meaning that UO2(SO4)2
2-(aq) 

should dominate in even concentrated sulfate solutions.53  Only in solutions with a [SO4
2-]/[UO2

2+] 

ratios larger than 104 have (UO2)(SO4)3
4-(aq) species been detected by TRLFS.54  Thus, this species 

is expected to be minor. 

 

 I.4.2   Complexation of Uranyl with Carbonate  

Nguyen-Trung et al. analyzed the Raman peaks of uranyl carbonate solutions and found 

their Raman shifts to obey Equation (I.11) with a characteristic constant A of 19 ± 1 cm-1, with 

UO2(CO3)2
2-(aq) and UO2(CO3)3

4-(aq) as the detected species.38  Because of the large value of A, 

and the fact that the concentrations used were 0.2 – 0.3 mol·kg-1 UO2
2+ and 0.6 – 2 mol·kg-1  

CO3
2-, it is concluded that carbonate coordinates very strongly to the uranyl ion.   
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The complexation of the uranyl ion to carbonate has been summarized in several reviews. 

20, 28, 37  The mononuclear species UO2(CO3)2
2-(aq) and UO2(CO3)3

4-(aq) were confirmed by an 

extensive multinuclear NMR, EXAFS and X-ray diffraction study.55  As mentioned above, the 

species UO2(CO3)
0(aq) precipitates out of solution, and is thus undetectable by Raman. 

Only two temperature dependent studies of carbonate speciation to the uranyl ion were 

found in the literature.  Solutions of uranyl carbonate of varying pH (2 – 10.5) and temperature 

(10 – 60 °C) were investigated by UV-Vis spectroscopy,30 and the predominant species throughout 

this range of conditions are shown in Table I.1.  Their results are counter-intuitive, in that a pH of 

4 to 7.1 results in uranyl hydroxide species being dominant.  At very high pH, uranyl carbonate 

species dominate.  However, the authors state that “the pH was controlled by perchloric acid, 

sodium hydrogen carbonate, or sodium hydroxide”, resulting in an unknown concentration of 

carbonate in solution, making their results difficult to interpret. 

Polynuclear uranyl carbonate, and mixed uranyl carbonate hydroxide species have also 

been reported in the literature.  Allen et al. report the species (UO2)3(CO3)6
6-(aq) and 

(UO2)3(CO3)(OH)3
+(aq), but only list the stability constant of the former, with a value of log K = 

54.00.55  The stability constants βpqr of the species (UO2)p(OH)q(CO3)r were measured by 

Electromotive Force (EMF),56 and were reported to be: log(β121) = -8.99 ± 0.05; log(β220) = -6.0 ± 

0.1; log(β350) = -16.6 ± 0.1; log(β351) = -16.4 ± 0.1; log(β11,25,6) = -76.5 ± 0.5; and log(β13,30,7) = -

91.8 ± 0.6.  Obviously, these species are minor species in solution, due to their extremely low 

stability constants.  
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The only stabilization constants reported at elevated temperatures for the speciation of 

uranyl with carbonate are estimated by Lemire and Tremaine,50 and are listed in Table I.2, along 

with the NEA recommended values at 25 °C.20 

 

 I.4.3   Complexation of Uranyl with Chloride  

Nguyen-Trung et al. report five uranyl chloride bands in LiCl solutions, at wavenumber 

values of 867 ± 1 cm-1, 862 ± 1 cm-1,  859 ± 1 cm-1, 854 ± 1 cm-1, and 849 ± 1 cm-1, at Cl-/UO2
2+ 

ratios of 300, 700, 1000, 2000 and 3000 respectively.38  These bands are assigned to the progressive 

speciation of uranyl to chloride, the species UO2Cln
2-n(aq), n = 1 – 5.  The chloride anion is deduced 

to be a weakly complexing ligand to UO2
2+(aq), due to the small value of the A constant in Equation 

(I.11) (4 ± 1 cm-1), and a very large ratio of Cl-(aq) to UO2
2+(aq) required to produce redshifted 

bands in the Raman spectra.    

EXAFS studies of uranyl chloride solutions report the speciation of UO2Cl+(aq), 

UO2Cl2
0(aq), and UO2Cl3

-(aq), performed at Cl-/UO2
2+ ratios consistent with the labelled Raman 

bands reported above.57  The authors, however, only explore Cl-/UO2
2+ ratios up to 900.  Two 

similar EXAFS studies58-59  report a consistent speciation with the previously mentioned EXAFS 

study, reporting speciation of up to three chlorides.  The 20 – 40 mol·kg-1 range studied by Nguyen-

Trung et al., may be required to experimentally observe UO2Cl4
2-(aq) and UO2Cl5

3-(aq).38 

Thus, the five expected equilibria are Equations (I.15) – (I.19) 

UO2
2+(aq) + Cl-(aq) ⇌ UO2Cl+(aq),   2

2
2

1

UO Cl

UO Cl

a

a a




 

    (I.15) 
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UO2
2+(aq) + 2Cl-(aq) ⇌ UO2Cl2

0(aq),   
0

2 2

2
2

2 2

UO Cl

UO Cl
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a a


 

   (I.16) 

UO2
2+(aq) + 3Cl-(aq) ⇌ UO2Cl3

-(aq),   2 3

2
2

3 3

UO Cl
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   (I.17) 

UO2
2+(aq) + 4Cl-(aq) ⇌ UO2Cl4

2-(aq),  
2

2 4

2
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   (I.18) 

UO2
2+(aq) + 5Cl-(aq) ⇌ UO2Cl5

3-(aq),  
3

2 5

2
2

5 5

UO Cl

UO Cl

a

a a




 

   (I.19) 

Stability constants at 25 °C have been reported by Soderholm et al. to be β1 = 1.5, β2 = 0.8 

and β3 = 0.4.59  Recently, two studies60-61 have reported temperature dependent equilibrium 

constants for uranyl chloride species.  The first60 of these studies used Raman spectroscopy (PSat, 

21 – 350 °C) to quantify the formation constants (I.15) – (I.19).  However, their Raman spectra 

are marred by an “Unidentified Species” which becomes significant at t > 150 °C, and is the 

dominant species at 350 °C, casting significant doubt on the validity of their formation constants.  

The second61 study used UV-Vis Spectroscopy to quantify the formation constants of the first two 

uranyl chloride equilibria from 25 – 250 °C (at 100 bar).  Their formation constants at 25 °C are 

not in good agreement with those of Soderholm et al., and are limited to the first two formation 

constants due to a limited Cl/U concentration ratio.  This outlines the need for further experimental 

work in order to resolve discrepancies in the literature on the uranyl chloride system. 
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I.4.4   Complexation of Uranyl with Hydroxide  

The UO2
2+(aq) cation undergoes very rich and complicated coordination chemistry with 

hydroxide under a wide range of solution conditions.29, 33, 50, 52, 62-69  Reported structural 

information involves several mononuclear and polynuclear species.63-66, 68  Several authors have 

reviewed the wealth of data in the literature.20, 28, 36-37  The 2012 review of Berto et al. consolidates 

the most reliable stabilization constants of the (UO2)p(OH)q
2p-q complexes, which are listed here in 

Table I.3. 

The formation of these species is strongly dependent on both the uranyl ion concentration 

and the pH of solution.  In general, at acidic pH, mononuclear species form only at very dilute 

uranium concentrations; the UO2(OH)+(aq) monomer is known to only form at uranium 

concentrations of less than 1 mM.  At highly basic conditions ([OH] ~ 3 M) and higher uranium 

concentrations ([U] = 0.03 – 0.05 M), the monomers UO2(OH)4
2- and UO2(OH)5

3- are confirmed 

by Raman.70  

In weakly acidic solutions (0.24 < pH < 5.63), the major species UO2
2+(aq), 

(UO2)2(OH)2
2+(aq) and (UO2)3(OH)5

+(aq) were resolved by Raman spectroscopy.64, 69  

(UO2)2OH3+(aq), (UO2)3(OH)7
-(aq), (UO2)3(OH)8

2-(aq),  (UO2)3(OH)10
4-(aq), (UO2)3(OH)11

5-(aq) 

and (UO2)3(OH)8
2-(aq) were postulated as minor species. 

Raman spectra of uranyl hydroxide solutions result in very broad peaks, due to the 

interaction of the hydroxide ligands with the solvent.63  This broad signal, coupled with multiple 

peaks from multiple species present in solution, may introduce difficulties with resolution.  

However, the authors using Raman listed above seem to have little difficulty in resolving the major 

peaks.  Judging from Table I.3, several of these species will be very minor in solution, simplifying 
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the system considerably.  Fortunately, the Raman shifts of each of the uranyl hydroxide species 

has been tabulated in the literature,64 and are listed in Table I.4. 

The temperature dependence of the stability constants of the UO2OH+(aq), 

(UO2)2(OH)2
2+(aq) and (UO2)3(OH)5

+(aq) species have been investigated from 25 – 94 °C and 10 

– 85 °C respectively.29, 33 Lemire and Tremaine50 extrapolated the stability constants of these 

species, as well as (UO2)3(OH)7
-(aq), up to 200 °C.  The results are summarized in Table I.5. 

 

I.5   Methods for Probing Aqueous Uranyl Chemistry 

Although several methods exist that can investigate high temperature aqueous solutions, 

such as potentiometry, calorimetry, conductivity and solubility,71-72 these methods do not provide 

structural information.  Furthermore, experimental challenges exist in attempting to apply 

spectroscopic methods (UV-Vis, NMR, IR and Raman) to hydrothermal solutions, stemming from 

materials compatibility and the corrosion of high temperature water.   

The power of using Raman spectroscopy for aqueous uranyl salt solutions has been made 

evident by Nguyen-Trung et al.38  The recent development of the Linkam CAP500 Raman Stage 

(Linkam Scientific), designed to operate using quartz capillary cells has been demonstrated73 as a 

viable method for high temperature Raman spectroscopy.  Thus, the work in this thesis will employ 

Raman to investigate the chemistry of the uranyl ion up to hydrothermal conditions.   
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I.6   Raman Spectroscopy 

 I.6.1   Raman Effect, Polarizability Tensor and Raman Selection Rules 

The physical scattering of light by matter has several interesting facets.  The elastic 

scattering of light is known as Rayleigh scattering, and is by far the most abundant form of light 

scattering by a sample.  However, about one in 107 – 108 photons are scattered in an inelastic 

manner, known as Raman scattering, where the difference in the energy of the incident and 

scattered light is equal to an electronic, vibrational or rotational transition of the target molecule.74  

This can occur via one of two processes, which are named Stokes and anti-Stokes scattering.  

Stokes scattering occurs when the scattered radiation is of lower energy than the incident radiation, 

and the energy difference is transferred to the molecule, promoting it from a lower energy state to 

an excited energy state.  The opposite occurs in anti-Stokes scattering: the incident radiation is 

scattered by a molecule in one of its excited states, the molecule is demoted to a lower energy 

state, and the energy of the scattered radiation is higher by that amount.  The Boltzmann population 

of molecules in excited vibrational modes are typically less abundant than those in the ground 

state, and so Stokes scattering provides a stronger Raman signal, and is investigated exclusively 

in this work.  However, Stokes scattering competes with fluorescence, and care must be taken to 

use an incident laser light that does not cause the sample to fluoresce.   

The Raman effect originates from the oscillating electric field E of the incident light which 

induces an electric dipole moment p(1) in the molecule via  

  (1)p E 
          

(I.20) 
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where the proportionality constant α is the polarizability tensor.  Higher order terms p(n) are only 

significant for very large values of E, and arise from Rayleigh scattering at frequencies nṽ0 and 

Raman scattering at nṽ0 ± ṽ, where ṽ0 is the incident light frequency and ṽ the Raman shift.74  

Higher order terms are neglected here. 

 Because the polarizability of a molecule is based on the ability of the incident oscillating 

electric field to form induced electric dipoles in the molecule, the polarizability depends on the 

distribution of electrons, and thus the nuclear coordinates of the molecule.  Thus, the polarizability 

is strongly dependent on the vibrational motion of the molecule itself.  A classical analysis of the 

polarizability in terms of the normal modes of vibration of the molecule Qn, as shown below, 

provides insight on the observed vibrational frequencies of the scattered light. 

In normal Cartesian coordinates, Equation (I.20) is 

  

x xx xy xz x

y yx yy yz y

z zx zy zz z

p E

p E

p E

  

  

  

    
    

     
    
    

       (I.21)  

Each component of the polarizability tensor αρσ can be expanded as a Taylor series of the change 

in the polarizability component along the normal modes of vibration Qn,  
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      (I.22)  

where the subscript “0” refers to the equilibrium position of the normal modes Qn at frequencies 

of vibration νn.  Assuming the harmonic oscillator approximation for the vibrational modes allows 

for the disregard of higher order terms in Equation (I.22),74  
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which, for each vibrational mode k, simplifies to  
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Assumption of the harmonic oscillator model also implies 

  
0 cos( )k k k kQ Q t           (I.25)  

where Qk0 is the amplitude of the normal mode oscillation at angular frequency ωk with phase 

factor δk.  The electric field component of the incident light is by definition 

  
0 1cos( )E E t          (I.26) 

Substitution of Equation (I.23) into Equation (I.20) gives 
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       (I.27)  

and subsequent substitution of Equations (I.25) and (I.26) into (I.27) gives 
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Expansion of Equation (I.28) gives 
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and by the law of cosines,  

  
      (1)

1 1 1cos cos ( ) cos ( )k Ray Ram k k k kp A t A t t               (I.30)  
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      (I.31)  

  As can be seen in Equation (I.30), the polarizibility tensor has three components, 

corresponding to ω1, ω1 – ωk and ω1 + ωk, which can be inferred to be frequencies stemming from 

Rayleigh, Stokes Raman and anti-Stokes Raman scattering respectively.  Equation (I.31) also 

implies that the selectivity rule for a Raman transition is that the change in polarizibility of αρσ 

must be non-zero along the normal mode of vibration Qk. 

 

 I.6.2   Raman Intensities Using Plane Polarized Incident Light 

The consequence of using plane polarized light for Raman measurements, as opposed to 

unpolarized light, is that the electric field vector of the incident electromagnetic radiation is 

restricted to one Cartesian coordinate.  For example, for polarized light travelling along a plane 

normal to the z-axis, the electric field vector is necessarily restricted to the xy plane.  Selection of 

the y-axis as the direction in which the electric field vector lies is an arbitrary choice, and simplifies 

Equation (I.21) to  
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The individual components of Equation (I.32) are then 
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(I.33)  

Raman light is usually collected at an angle of 90 degrees from the incident laser, or at 180 degrees 

as backscattered light.  Considering light collected at 90 degrees in a plane normal to the x-axis 

restricts the polarization of the scattered light in the yz plane. Thus, px = 0 in Equations (I.33).  

Thus, the polarizability is dependent only on the terms αyy and αzy.    

 The intensity radiated off an oscillating electric dipole is given by  

4 2 2

0 sinw sI k p           (I.34)  

where p0 is the amplitude of the induced electric dipole oscillating at frequency ωs, θ is the angle 

of the radiated light, and kw = (32π2ε0c
3)-1, where ε0 is the dielectric permittivity of free space, and 

c0 the speed of light.74  Substitution of (I.33) into (I.34) produces intensities proportional to (αyy)
2 

and (αzy)
2.  However, when considering NL freely rotating molecules in the liquid phase, averaging 

over all angles θ of the emitted radiation molecule replaces (αyy)
2 with the isotropic average ‹(αyy)

2›.  

The intensities parallel (I||) and perpendicular (I⊥) to the electric field vector of the incident 

radiation are thus 
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The mean polarizability α and anisotropy γ are given by  
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and are related to the isotropic averages ‹(αyy)
2› and ‹(αzy)

2› via Equations (I.38) and (I.39)74 
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Thus, the Raman intensities parallel and perpendicular to the electric field vector of the polarized 

incident radiation are  
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(I.40) 

 

Therefore, any anisotropy can be removed from our Raman spectra by applying Equation (I.41). 
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4

3
IsoI I I            (I.41) 

 

where IIso is the “isotropic” intensity, which removes any Raman signal from anisotropic 

vibrational modes.  Of course, the perpendicular Raman spectrum I can be investigated separately 

to obtain information on any asymmetric vibrational modes as well. 

 As can be inferred from the above analysis, two separate experimental spectra must be 

collected in order to remove anisotropic information from our spectra: one at an orientation parallel 

to our incident laser light, and another at a right angle to this orientation.   

 

I.6.3   Horiba Jobin Yvon Labram HR 800 

 Figure I.9 shows an overview of our Raman instrument, and Figures I.10 and I.11 show a 

more detailed schematic of our macrochamber and microprobe, respectively.  The instrument 

houses 3 plane polarized continuous wave lasers:  a 633 nm red He/Ne laser with a power of 30 

mW, a 785 nm near-IR laser with a power of 300 mW, and a 532 nm green laser with a power of 

250 mW.  The 532 nm laser was used exclusively in this work because of its superior laser power, 

and because Raman intensity is higher for a lower wavelength incident light source, as explained 

in Section I.6.4. 

 For the macrochamber, both 90° and 180° Raman collection angles are available, 

although several more mirrors are required for a 180° orientation, which reduces signal intensity.  

Sample cells are either Pyrex or quartz tubes sealed by an oxygen torch, and tested in an oven to 

temperatures 25 °C higher than those temperatures intended for Raman measurements.  Because 
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these cells are sealed, no independent pressure control is available, and spectra are measured at the 

saturation vapour pressure.  We are limited to temperatures of around 150 °C before the inner 

pressure of these tubes results in cell failure. 

 The microprobe operates exclusively at a 180° backscatter geometry through a confocal 

microscope lens and an adjustable slit entry port.  Spectra in this work were taken using an 

Olympus 20X objective lens (SLMPLN) and a slit width of 200 μm.  The sample cell pictured in 

Figure I.11 is quartz capillary tubing, with an inner and outer diameter of 200 and 360 μm 

respectively, purchased from Molex Inc., Polymicro TechnologiesTM.  These cells are cut at a 

length of 15.5 cm, and ~5 cm of the polyimide layer is removed by gas flame to form an optical 

window.  The cell is then loaded via syringe with the sample using a P-662 luer to micro syringe 

adapter (IDEX Health and Science), and the optical window end of the cell sealed with an oxygen 

torch.  The open end of the capillary is then fitted to an ISCO model 260d liquid chromatography 

syringe pump via a VICI 360 μm reducing union, for separate pressure control.  Samples are then 

inserted into the Linkam CAP500 stage as shown in Figure I.11.  Because the ratio of the outer 

and inner diameter of the capillary cells is very large, they are able to withstand pressures as high 

as 50 MPa.  Furthermore, the use of the ISCO pump allows for separate pressure and temperature 

control.  The Linkam CAP500 stage is capable of reaching temperatures as high as 500 °C.    

 The Raman scattered light for both the macrochamber and microprobe are then passed 

through an edge filter, polarizer, scrambler, a holographic grating, and through the 800 mm focal 

length spectrograph before being detected by a charged coupled device (CCD) detector.  The 

purpose of each component is as follows.  The edge filter removes signal stemming from Rayleigh 

and anti-Stokes scattering, and has a Stokes edge of less than 120 cm-1.  The polarizer allows us to 

select a polarization that is parallel or perpendicular to the incident laser light, and is necessary to 
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calculate the isotropic spectrum as explained in the previous Section.  The scrambler then 

depolarizes the signal, which is necessary since the individual pixels of the CCD detector are 

sensitive to light polarization, and depolarizing the light removes any difference in sensitivity from 

pixel to pixel.  The holographic grating (1800 line/mm) is used to separate the light into its 

individual frequency components, and the focal length of 800 mm ensures a good spatial resolution 

of these frequencies onto the detector.  The CCD is a 1024 x 256 pixel detector that is Peltier 

cooled to -70 °C, which allows us to collect large sections of the spectrum at once.  In other words, 

each individual pixel detects light at a certain wavenumber range, meaning that the signal over 

multiple wavenumbers can be collected at the same time, which greatly improves collection time. 

 

 I.6.4   Methods for Obtaining Quantitative Raman Spectra 

Recording Raman spectra by collecting light in both parallel and perpendicular orientations 

to the incoming polarized laser light produces two separate parallel and perpendicular polarized 

spectra, I||(ṽ) and I(ṽ), as explained in Section I.6.2.  The isotropic spectrum IIso(ṽ) can be 

calculated using Equation (I.42).   

  Iso ||

4
( ) ( ) ( )

3
I v I v I v 

        
(I.42) 

 

However, the specifics of each individual Raman instrument can cause variations in 

polarizations, due to the specific optics.  For a 180° back-scatter orientation through our 20X 

objective lens, the known polarization ratios of CCl4(l) and cyclohexane75-76 were used to 



31 
 

determine that the factor 4/3 must be replaced by 7/6.  For the spectra of solutions containing 

multiple solutes, j, each with i vibrational bands, the isotropic spectrum is described by the 

expression77-79 

3 1 1

Iso Instr 0 i i j i,j

j i

( ) ( )I v C v v v B c S    
      

(I.43)
  

where cj is the molar the concentration of species j, Si,j is the reduced isotropic Raman scattering 

factor, CInstr is a constant that depends on the instrument response, slit-width, collection angle and 

absorption due to colour, ṽo is the absolute frequency of the incident laser (in wavenumber units), 

and ṽi is the frequency difference of the scattered radiation relative to ṽo (i.e., the Raman shift).  B 

is the Boltzmann distribution for the thermal population of low frequency excited states, given by 

 
1 exp

hc
B

kT

 
   

 

         
(I.44)

 

However, IIso(ṽ) contains contributions from Rayleigh scattering, as well as thermally 

excited low frequency modes.  To remove these effects, our data treatment was based on the 

reduced isotropic Raman spectrum RIso(ṽ),  

 3

Iso Iso 0 i i( ) ( )( )R v I v v v v B 
        

(I.45)
 

which yields peak areas for each species j that are proportional to their respective concentrations 

cj through their reduced Raman scattering factors Si,j as shown in Equation (I.46) 
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Iso Instr j i,j

j i

( )R v C c S  
        

(I.46)
 

  The reduced isotropic spectra RIso(ṽ), rather than Iso(ṽ), allow for quantitative data treatment 

because the integrated peak areas of the i vibrational bands for a species j, Ai,j, are proportional to 

the molar concentrations cj (or specific molality mj
* = cj /ρSoln where ρSoln is the solution density) 

at all temperatures and frequencies through the reduced isotropic Raman scattering coefficient Si,j.  

In mathematical form,  

  *

i,j i,j j i,j SolnjA S c S m  
         

(I.47)
 

Furthermore, use of RIso(ṽ) removes the (ṽo – ṽi)
3ṽi

-1 term, which simplifies the baseline subtraction.  

If the concentration of one species is known, such as a non-complexing internal standard 

(IS), Equation (I.47) can be applied to quantitatively relate the specific molality of species i to the 

specific molality of the known species IS and the integrated areas of each peak 
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(I.48)

 

Because we are dealing with the same solution, the conversion between specific molality m* and 

molality m cancels out in Equation (I.48).  All that remains is to determine the relative Raman 

scattering coefficients Si/SIS, which must be done experimentally.
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I.6.5   Quantification of Difference Between Reduced Isotropic Spectra Using 

Different Correction Factors: (ṽo - ṽi)-3ṽi vs. (ṽo - ṽi)-4ṽi    

The astute reader will notice that the expression for the reduced isotropic spectra in 

Equation (I.45) is reproduced in Equations (IV.7) and (V.2), but differs from Equation (III.4).  

Unfortunately, at the time the results in Chapter III were published, the incorrect79 fourth power 

correction in Equation (III.4) was being applied.  Equation (III.4) applies to detectors whose 

sensitivity is dependent on the photon energy (such as a photomultiplier tube), while Equations 

(I.45), (IV.7) and (V.2) apply to detectors that are sensitive to the number of incoming photons, 

such as the Coupled-Charged Device (CCD) detector used in our instrument.   

Fortunately, for the entire breadth of Raman spectra presented in this thesis, applying either 

formulation produces results that are identical within experimental error, even those results with 

very small uncertainties.  This is quantified in the rest of this Subsection. 

The difference between Equation (I.45) and (III.4) are the terms (ṽo - ṽi)
-3ṽi and (ṽo - ṽi)

-4ṽi, 

respectively.  ṽo is the frequency of the laser light, and ṽi is the Raman frequency of the band being 

analyzed.  ṽo is the same value throughout this thesis, since the 532 nm green laser was used 

exclusively.  Quantitative results require that one Raman band be compared relative to another, 

which would yield the largest difference when the term (ṽo - ṽi) is the largest, or when the Raman 

frequencies of these bands are the furthest apart.  Throughout this thesis, the two Raman bands 

that are compared relative to one another have the largest frequency difference in Chapter III, in 

the case of the scattering coefficient 
3 3 4

/
CF SO ClO

S S   for the 765.7 cm-1 band of triflate, and the 

935.3 cm-1 band of perchlorate.   
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Calculation of the reduced isotropic spectra of the 25 °C Raman spectra using Equations 

(I.45) and (III.4) produces 
3 3 4

/
CF SO ClO

S S   values of 0.163 ± 0.007 and 0.163 ± 0.007 respectively.  

For comparison, the same calculation for the 1034.0 cm-1 band of triflate and the 935.3 cm-1 band 

of perchlorate produces 0.609 ± 0.008 and 0.606 ± 0.008 respectively.  The latter bands are closer 

together, and the larger difference between the values of 
3 3 4

/
CF SO ClO

S S   is coincidental; one could 

observe the same variance shown above by deconvolution of the same Raman spectrum multiple 

times, stemming from the standard error of the integrated areas. 

However, if the Raman bands were much further apart, or if a higher wavelength (smaller 

frequency) laser were used, the differences from using Equation (I.45) and (III.4) would be much 

more pronounced.  Fortunately, the results in Chapters III are unaffected by the use of either 

Equation.   

 

 I.6.6   Deconvolution of Raman Spectra 

In general, the Raman spectra collected for each project detailed in Chapters III, IV and V 

were deconvoluted in the same way, with subtle differences due to the particulars of the system 

being investigated. 

Band positions and integrated areas were obtained by iterative deconvolution using the 

curve-fitting program OriginPro v9.0 (OriginLab Corporation) at convergence criteria of 10-6 or 

better, using Voigt functions for all bands.  A linear baseline was chosen at two points where no 

signal from the species investigated was present, which were typically anchored at 700 cm-1 and 

1200 – 1300 cm-1.   
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For species whose band position, Gaussian and Lorentzian linewidths were unknown, no 

constraints were imposed.  For chemical systems containing Raman bands with significant overlap, 

the band positions and linewidths were obtained as a function of temperature by analysis of 

simplified chemical systems containing one or two Raman bands, and were constrained to these 

obtained values when deconvoluting Raman spectra containing the complete set of these Raman 

bands.  Such was the case for the species UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) in Chapter 

IV, whose Raman vibrational frequencies all lay within 25 cm-1 of each other.  The Raman bands 

of these species were found to follow a strongly linear dependence with temperature, and values 

where no experimental data exists were interpolated or extrapolated from linear fits. 

 The Raman vibrational frequencies and linewidths of species such as SO4
2-(aq) and  

HSO4
-(aq) are known as a function of temperature from previous literature results,80 and these 

values were used in this work. 

 

I.7   Density Functional Theory Methods 

Quantum chemical calculations have been performed using the Gaussian 09 package of 

programs.81  The computational method used was Density Function Theory,82 performed with the 

B3LYP,83-84 PBE1PBE85 and PBE86 electron exchange/correlation functionals, and a Pople  

6-311+G(d,p) basis set for all atoms except uranium.  The uranium atom requires an effective core 

potential (ECP) to model the core electrons, because of relativistic effects on these electrons due 

to the highly charged uranium nucleus.  Here, we made use of the Stuttgart/Dresden (SDD) 

MWB60 basis set.87  Structural optimization and vibrational calculations were performed at this 

level.   
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Solvation effects were modeled by the “cluster-continuum” method,88 which utilizes both 

explicit additions of water molecules around the solute molecule to model short range water 

complexation and/or hydrogen bonding effects, as well as surrounding the solute/solvent cluster 

by a dielectric continuum to model long-range polarization effects.  The Integral Equation 

Formalism of the Polarizable Continuum Model (IEFPCM)89 was used as the model for the 

dielectric continuum.  The grid used for numerical integration of exchange-correlation energies 

was ultrafine.    

Complexes were explicitly hydrated by “building up” structures one ligand at a time.  For 

example, for the complex UO2(H2O)3SO4
0, the structure of UO2SO4

0 was first optimized, then 

UO2(H2O)SO4
0, UO2(H2O)2SO4

0 and finally UO2(H2O)3SO4
0.  Sulfate is capable of both 

monodentate and bidentate coordination, and both structures were considered.  Only bidentate 

orientations of carbonate clusters were considered.  Optimizations were confirmed to be energy 

minima by a subsequent vibrational calculation resulting in no imaginary frequencies. 

Modelling of clusters in high temperature water were performed by optimization using the 

same IEFPCM solvation model, while varying the solvent input parameters to reflect the changing 

properties of water with temperature.  Dielectric constant, molar volume and densities (expressed 

as molecules·Å3) at 25 MPa were varied from 25 – 300 °C, in 25 °C increments.  All values were 

obtained from NIST.1  Vibrational calculations on these high temperature structures were 

subsequently performed using the readisotopes keyword in Gaussian 09 with the appropriate 

temperatures and pressures. 
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I.8   Objectives and Organization of the Thesis 

 I.8.1   Objectives of the Thesis 

The objectives of this thesis can be divided into four separate projects, as described below. 

The first project details our investigations into the thermal stability of non-complexing 

anions in aqueous solution at high temperature, with an emphasis on their feasibility for use as 

Raman internal standards under these conditions, and was published in 2015 in the Journal of 

Applied Spectroscopy (DOI: 10.1366/14-07825).  Decomposition products and reaction 

mechanisms were also investigated.  The anions under study were CF3SO3
-(aq), HSO4

-(aq),  

ReO4
-(aq) and ClO4

-(aq) in acidic and neutral solutions, at temperatures up to 400 °C.       

The second project is a detailed Raman investigation of [UO2SO4 + H2SO4] solutions from 

25 – 375 °C, with the express purpose of deriving quantitative data on the first and second 

formation constants of the uranyl ion with sulfate.  In order to do so, the temperature dependent 

Raman vibrational frequencies of the O=U=O symmetric stretch of the species UO2
2+(aq), 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) were derived, as well as their Raman scattering coefficients 

relative to the species HSO4
-(aq).  DFT methods were also employed to interpret the bands present 

in the Raman spectra, and gain insight on the energetics between monodentate and bidentate 

coordination of uranyl sulfate and uranyl disulfate complexes.  The first and second formation 

constant of the uranyl ion with sulfate is reported from 25 – 375 °C. 

The third project is a continuation of the uranyl sulfate work described above, into the 

temperature regime (t ≥ 375 °C) where these solutions undergo liquid-liquid phase separation.  

This work uses the previous results to quantify the relative speciation of the species UO2
2+(aq), 
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UO2SO4
0(aq) and UO2(SO4)2

2-(aq) in both the uranium rich and water rich phases of the two phase 

system, as well as qualitative observations of excess sulfate in these phases.  UO3·H2O(s) 

formation in unacidified solutions of UO2SO4 is also observed and discussed in the context of 

previous literature results. 

The final project used computational chemical methods (DFT) to investigate the uranyl 

clusters UO2(H2O)mXn
2-pn with ligands Xp- optimized by our computational method.  Here, X = 

SO4
2- (n = 1 – 3, both monodentate and bidentate coordination); CO3

2- (n = 1 – 3, bidentate 

coordination only); Cl- (n = 1 – 5); and OH- (n = 1 – 5), with H2O ligands added explicitly until 

the first solvation sphere was filled.  The objective here was to obtain information such as relative 

binding energies, expected Raman vibrational frequencies, and relative Raman intensities, for 

interpretation of the experimental results of the other projects detailed here.  

 

  I.8.2   Organization of the Thesis 

 This Chapter serves as a general introduction to the physical chemistry of high temperature 

and pressure aqueous systems, with an emphasis on the interest in aqueous uranyl chemistry and 

a review of the literature relevant to this thesis.  This Chapter also outlines the experimental and 

theoretical methods that was implemented during this research. 

Chapter II details the methodology required when handling uranium compounds, covering 

hazards stemming from radioactive decay and the heavy metal toxicity of uranium, how we 

handled uranium containing compounds, solution preparation, and standardization.   
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Chapters III, IV and V are the major results of this work, which are either published papers 

or written in draft publication format.  They correspond to the projects on the thermal stability and 

experimental suitability of non-complexing Raman reference anions, quantitative determination of 

the formation constants of the uranyl sulfate system, and investigations of the liquid-liquid phase 

separated uranyl sulfate system respectively. 

 Chapter VI outlines the general conclusions of the research performed during my doctoral 

studies, as well as my thoughts on future work that can be continued in this field of science and 

challenges that may arise. 

 Appendix A details the results of the computational method employed here to investigate 

uranyl clusters with water, sulfate, chloride, carbonate, and hydroxide, tabulating relative binding 

energies, Raman vibrational frequencies, and relative Raman intensities. 

Appendix B details the standard operating procedures developed for preparing uranium 

solutions from the UO2SO4·3H2O(s) obtained from the manufacturer, as well as from the 

subsequent aqueous UO2SO4 stock solution.  The Appendix also outlines the procedures that were 

followed in the event of a spill of aqueous uranium solutions, or a failure in the Raman cells used 

during the course of this research.   

 

I.8.3   Contributions to the Project 

The research presented here has been a collaborative effort, with contributions from Dr. 

Lucas Applegarth, Dr. Jenny Cox, Prof. Scott Hopkins, and my Ph.D. supervisor Prof. Peter 

Tremaine as outlined below. 
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 The project on the thermal stability of non-complexing anions (Chapter III) began during 

the M.Sc. research of Katherine Bissonette under the supervision of Dr. Lucas Applegarth, where 

it was observed that the Raman peak of the internal standard ClO4
-(aq) in solutions containing 

Ni2+(aq) did not provide a constant Raman intensity at elevated temperatures, and a Raman signal 

from Cl2(g) was observed in the vapour space.  From there, it was decided to investigate the 

thermal stability of the most common reference anions used in aqueous solutions.  My contribution 

to the research included measurement of the stability of CF3SO3
-(aq) and HSO4

-(aq) under acidic 

and neutral conditions, and significant contributions in writing and preparation of the manuscript 

for publication.  Dr. Applegarth and summer student John Nöel measured the stability of  

ReO4
-(aq) and ClO4

-(aq), and Dr. Applegarth prepared the first rough draft of the manuscript.  The 

project was also the first of its kind in the literature to utilize the Linkam CAP500 Stage with fused 

silica capillary tubing for quantitative Raman techniques, and the proof of concept of this 

experimental methodology was developed in our laboratory by Dr. Applegarth. 

 The research conducted on the uranyl sulfate system was a collaborative effort between 

myself, Dr. Lucas Applegarth, Dr. Jenny Cox and under the supervision of Prof. Peter Tremaine.  

I collected the experimental Raman spectra.  I also performed the data analysis and interpretation 

of the experimental results.  Dr. Cox and I, in communication with the Environmental Health and 

Safety Department at the University of Guelph, developed the safety and handling protocols 

necessary for working safety with uranium compounds.  Dr. Cox and I also prepared the uranium 

solutions as a team.  Speciation modeling calculations were split between myself (MultEQ and 

PHREEQC) and Dr. Cox (OLI).   

 I performed the DFT calculations on SHARCNet, with consultation with Prof. Scott 

Hopkins.  Our approach was to split the solvation modeling in the following manner: the uranyl 
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clusters UO2(H2O)mXn
2-pn (X = SO4

2, CO3
2-, Cl- and OH-) were calculated entirely by DFT methods 

by adding the ligands X and then adding explicit H2O molecules until the first solvation shell was 

full.  Only clusters with a full first solvation shell were considered, as considering the second 

solvation shell and beyond becomes very computationally time consuming using DFT.  Secondary 

solvation shells and beyond were calculated by Prof. Hopkins using his “Basin Hopping Method”, 

which samples numerous configurations of uranyl clusters with a very large number of water 

molecules, but with a less accurate (and more time efficient) computational method.  The best 

configurations are selected based on electronic energies.  These configurations are then modeled 

further by more rigorous methods.  Publications of uranyl clusters with a high number of water 

molecules are currently being refined by Prof. Hopkins and his research group. 
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Figure I.1   Density of water versus temperature at 25 MPa.1 
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Figure I.2   Static dielectric constant of water versus temperature at 25 MPa.2 
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Figure I.3   Viscosity of water versus temperature at 25 MPa.3 
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Figure I.4   Compressibility of water versus temperature at the saturation vapour pressure.1  
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Figure I.5   Phase diagram of water, showing the critical point at 220.6 bar, 647.1 K (373.9˚C). 
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Figure I.6   Picture of a CANDU-6 fuel bundle, UO2(s) fuel pellets, and UO2(s) powder.  (From 

Cameco: https://www.cameco.com/uranium_101/theme/img/media-library/full-size/1606-04.jpg) 
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Figure I.7   Simplified schematic of the CANDU reactor.  Shown by color is the coolant loop 

(yellow) and turbine/condenser loop (red/blue).  Components are: (1) fuel rods, (2) calandria 

vessel, (3) control rods, (4) D2O pressure reservoir, (5) steam, (6) H2O pump, (7) D2O pump, (8) 

fueling apparatus, (9) D2O moderator, (10) pressure tube, (11) outgoing steam, (12) incoming 

water, and (13) containment building (concrete).  (From Wikimedia Commons, “File: 

CANDU_Reactor_Schematic.svg”  
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Figure I.8   Simplified schematic of the SCWR.  Shown by color is the coolant in its subcritical 

(blue) and supercritical (yellow) thermodynamic states, and its labelled components.26  
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Figure I.9   Photograph of our custom made Horiba Jobin Yvon Labram HR 800 Raman 

spectrometer, with our large macrochamber on the right, and confocal microscope on the left.  
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Figure I.10   Top-down view of our macrochamber, with Quantum temperature controller.  Laser 

light direction is shown in green (90° scatter orientation).   
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Figure I.11   Photograph of our Linkam CAP500 stage with capillary cell, top open.  Laser light 

direction is shown in green (180° backscatter orientation).   
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Table I.1   pH and temperature dependence of the major species present in uranyl carbonate 

solutions 

pH 10 °C 25 °C 40 °C 60 °C 

2 UO2
2+ UO2

2+ UO2
2+ UO2

2+ 

3.3 UO2
2+ UO2

2+ UO2
2+ (UO2)2(OH)2

2+ 

4 UO2
2+ UO2

2+ (UO2)2(OH)2
2+ (UO2)3(OH)5

+ 

4.3 (UO2)2(OH)2
2+ (UO2)3(OH)5

+ (UO2)3(OH)5
+ (UO2)3(OH)5

+ 

5 (UO2)3(OH)5
+ (UO2)3(OH)5

+ (UO2)3(OH)5
+ (UO2)3(OH)5

+ 

5.8 UO2(CO3)2
2- UO2(CO3)2

2- UO2(CO3)2
2- (UO2)3(OH)5

+ 

7.1 UO2(CO3)3
4- UO2(CO3)3

4- UO2(CO3)3
4- (UO2)2(OH)2

2- 

10.5 UO2(CO3)3
4- UO2(CO3)3

4- UO2(CO3)3
4- UO2(CO3)3

4- 

All solutions contained [UO2
2+] = 0.5 - 10 mM.  Initial pH was altered by addition of HClO4, NaHCO3 or 

NaOH.  [CO3
2-] = 0.01 – 0.1 M. 

 

 

Table I.2   Stability constants of the stepwise reaction of UO2
2+ with CO3

2- 

Temperature/°C log(K1) log(β1) log(β2) 

25a 10.1 ± 0.4 17.1 ± 0.4 21.4 ± 0.4 

25b 9.94 16.61 21.84 

60a 10.2 ± 0.5 17.4 ± 0.6 21.0 ± 0.3 

100a 10.6 ± 0.7 18 ± 1 21.3 ± 0.3 

150a 12 ± 1 18 ± 1 22.4 ± 0.3 

200a 13 ± 1 19 ± 2 24.0 ± 0.3 

β1 and β2 are the cumulative stability constants, where β1 = K1K2 and β2 = K1K2K3.  Values are at 

infinite dilution.  a: (Lemire and Tremaine, 1980), b: (Guillaumont et al., 2003) 
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Table I.3   Summary of the stability constants of (UO2)p(OH)q
2p-q complexes. 

p, q log(βpq) 

2, 1 -2.9 ± 0.3 

2, 2 -5.62 ± 0.05 

1, 1 - 5.8 ± 0.15 

1, 2 -11.1 ± 0.6 

3, 4 -11.82 ± 0.08 

3, 5 -15.61 ± 0.1 

1, 3 -19.7 ± 0.6 

4, 7 -22 ± 0.8 

3, 7 -31 ± 0.8 

1, 4 -32.7 ± 0.5 

Values are at infinite dilution, and 25 °C. 
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Table I.4   Raman shift of (UO2)p(OH)q
2p-q complexes. 

p, q ṽ1 (cm-1) 

1, 0 870 ± 1 

2, 1 860 ± 1 

1, 1 848 ± 2 

2, 2 854 ± 2 

3, 5 835 ± 1 

1, 2 826 ± 2 

3, 7 822 ± 2 

3, 8 812 ± 2 

1, 3 804 ± 2 

3, 10 800 ± 2 

3, 11 791 ± 2 

1, 4 782 ± 2 

1, 5 765* 

*No error reported. 
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Table I.5   Stability constants Kpq of (UO2)p(OH)q
2p-q species versus temperature 

T / °C log(K11) log(K22) log(K35) log(K37) log(K12) 

10a -5.9 ± 0.3  -6.09 ± 0.04 -16.90 ± 0.041 - - 

25a -5.40 ± 0.24 -5.62 ± 0.04 -15.74 ± 0.05 - - 

25b -6 ± 3 -6 ± 1 -16 ± 3 - - 

25c -5.8 ± 0.4 -5.6 ± 0.4 -15.6 ± 0.4 -31 ± 4 -12 ± 1 

40a -4.92 ± 0.12 -5.21 ± 0.03 -14.70 ± 0.04 - - 

55a -4.88 ± 0.24 -4.84 ± 0.05 -13.78 ± 0.05 - - 

60c -4.9 ± 0.4 -4.9 ± 0.3 -13.8 ± 0.3 -27 ± 3 -11 ± 1 

70a -4.31 ± 0.12 -4.50 ± 0.05 -12.92 ± 0.05 - - 

85a -4.03 ± 0.15 -4.25 ± 0.05 -12.22 ± 0.05 - - 

94b -5.2 ± 0.8  -4.5 ± 0.3 -17.7 ± 4.9 - - 

100c -4.2 ± 0.4 -4.4 ± 0.3 -12.4 ± 0.3 -23 ± 3 -10 ± 1 

150c -3.4 ± 0.5 -4.0 ± 0.4 -11.3 ± 0.3 -19 ± 3 -9 ± 1 

200c -2.9 ± 0.5 -3.8 ± 0.4 -10.7 ± 0.3 -16 ± 3 -8 ± 1 

a: (Zanonato et al., 2004), b: (Baes and Meyer, 1962), c: (Lemire and Tremaine, 1980).  Refs. a 

and c are at I = 0 m, b at I = 0.5 m.  
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Chapter II 

 

Uranium Handling, Safety, and Solution Preparation 

 

 

 

II.1   Uranium Radioactivity 

When dealing with a radioactive substance, the first thing to know is that there are four 

types of radiation; alpha, beta, gamma and neutron radiation, and each type of radioactive decay 

emits a different type of particle.  Alpha radiation emits a helium nucleus, beta radiation emits an 

electron (or positron), gamma radiation emits electromagnetic waves, and neutron radiation emits 

neutrons.   

Each type of emitted particle have different effects on biological tissue, due to their 

penetrative power and the nature of the particle itself.  Alpha particles are heavy, slow and charged, 

and are easily stopped by even the thinnest of materials (an inch of air, a sheet of paper).  Alpha 

emission is only a biological hazard when ingested, since the alpha emitter will make direct contact 

with internal organs.  Beta radiation is of medium penetrative power, but can be stopped by thin 

plates of aluminum or wood.  Since beta particles are electrons or positrons, they can disrupt or 

break chemical bonds in living tissue, causing damage.  Gamma rays are more penetrative than 

beta rays, and require thick metal (lead, iron) plates to stop.  They also possess the ability to break 

chemical bonds, and their penetrative power allow them to reach the entire body.  Neutron 

emission is by far the most dangerous, as they do not directly ionize living tissue, but instead can 
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be absorbed by stable atoms inside living tissue, making those atoms unstable, which will in turn 

emit ionizing radiation of some other type.  Water rich materials such as concrete or water are 

required to stop neutron emission.  Unfortunately, the human body is water rich, making neutron 

emission a grave concern. 

This thesis deals with uranium chemistry, and uranium containing compounds have the 

popular misconception of being highly radioactive.  In actuality, all naturally found uranium 

isotopes are quite weakly radioactive.  Furthermore, the vast majority of emitted radiation is alpha 

emission, making barriers as minor as a sheet of paper or an inch of air able to block the majority 

of radiation coming from uranium.  However, alpha decay occasionally has a corresponding 

gamma emission, making radiation a minor concern when dealing with uranium compounds.1  

Excluding trace isotopes, natural uranium consists of 0.0054% 234U, 0.72% 235U and 

99.27% 238U by mass, with half-lives of 2.44 × 105 years, 7.10 × 108 years, and 4.50 × 109 years, 

respectively.  Because of their relative abundance and half-lives, the radioactivity that comes from 

natural uranium is 2.2% from 235U, 48.6% from 234U and 49.2% from 238U.  The total specific 

activity of natural uranium is 25.4 counts per second per milligram (Becquerels·mg-1, or  

Bq·mg-1).1-2 

Depleted uranium is the byproduct of the uranium enrichment processes, whose purpose is 

to produce uranium with a higher abundance of fissile 235U for nuclear applications.  The 

enrichment process also removes 234U.  Thus, depleted uranium is deficient of these isotopes, with 

relative abundances of 0.0006% 234U, 0.2% 235U and 99.8% 238U.  Consequently, the radioactivity 

of depleted uranium is less than that of natural uranium: the specific activity of depleted uranium 

is 14.8 Bq·mg-1.1-2 



72 
 

However, measuring specific activity in Becquerels is not a helpful gauge of risk from 

radioactivity.  Each radiation type damages human tissue in different ways, and some organs may 

be more vulnerable to a certain type of radiation.  To overcome this ambiguity, the danger from 

radiation is measured in the Sievert, which scales the dosage count (Bq) by a “quality factor” that 

depends on where the radiation is absorbed, the type of radiation, and its relative energy.    

The quality factor for external exposure to depleted uranium is very small, because of its 

lack of penetrative power.  Exposure to 15 g of depleted uranium at a distance of 20 cm results in 

0.12 mSv/yr, and increasing that distance to one meter decreases this expose to 0.005 mSv/yr.2 

Thus, external exposure is of little concern when considering radioactivity.  For comparison, the 

average background radiation is 1.8 – 2.4 mSv/yr. 

The major concerns in terms of radioactive exposure are through ingestion and inhalation.  

Ingestion of 1.5 g of soluble, depleted U(VI) compounds corresponds to a dosage of 1 mSv before 

expulsion from the body, primarily to the kidneys.  Inhalation of 0.133 g of a soluble species of 

depleted U(VI) corresponds to the same 1 mSv of radiation dosage before expulsion, primarily to 

the lungs.2  Ingestion and inhalation of less soluble U(VI) species such as UO3(s) or U3O8(s), or 

U(IV) species such as UO2(s), extends the residence time in the body and thus increases the 

radiological dosage.   

For the reasons outlined above, we will be working with soluble U(VI) species 

manufactured exclusively from depleted uranium.  As discussed in Section II.2, our stock solution 

is created from 25 g of UO2SO4·3H2O(s), which contains 14.2 g of depleted uranium.  Routine 

radiation checks will be performed in all areas where uranium solutions have been present.  These 
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areas will be wiped down, and these wipes will be tested for radioactivity as a check for 

contamination of our lab with DU.  A Geiger counter will also be available for spot checks. 

  

II.2   Uranium Toxicity 

As a heavy metal, uranium is inherently toxic.  Uranium is primarily excreted through the 

kidneys, and it has been established that the critical concentration (a concentration that will deliver 

20 effective annual radiological doses) of uranium in the kidneys is 3 μg·g-1.  For soluble U(VI) 

species, reaching this critical concentration requires ingestion of 400 mg of depleted uranium, or 

inhalation of only 30 mg.2  The lowest oral dose corresponding to a 50% mortality rate (LD50) is 

reported as 28 mg U/kg for exposure to uranyl nitrate,2 which would likely be absorbed in the body 

in a similar manner to uranyl sulfate.   

Ingestion of the LD50 amount of uranium corresponds to 17.2 mSv of radiological dosage.  

While this sounds like a substantial dosage, it is equivalent to only 2.5 medical CT scans to the 

chest.  Thus, the dangers that uranium poses from toxicity are certainly of higher concern than any 

radiological effects.    

 

II.3   Uranium Workspace and Standard Operating Procedures 

In order to work safely with uranyl salts, a dedicated fumehood has been set up in our 

laboratory, shown in Figure II.1.  The fumehood has been Teflon lined, and is equipped with Pyrex 

dishes for storing chemicals or general wet chemistry work, as well as storage of miscellaneous 

items.  Any item introduced to the fumehood never leave, with two exceptions.  First, we must 



74 
 

collect data from our samples on various instruments, and so samples are carried from the 

fumehood to the instrument in two layers of Ziploc bags, and promptly returned to the fumehood 

when data has been collected.  The only other time uranium leaves the fumehood is through solid 

or liquid waste collection through the University Environmental Health and Safety (EHS) 

Department.   

Because no information existed on glove compatibility for uranyl salts, we chose a 

conservative approach.  Silver Shield® gloves were used over top of Chloroflex® neoprene gloves 

when handling the uranyl salts directly, to provide two barriers with different chemical 

compatibilities.   

Ingestion of the uranyl salts is easily avoidable using standard lab practice concerning 

glove removal and replacement.  Because we are dealing with aqueous solutions, an inhalation 

hazard only exists when preparing the stock solution from UO2SO4·3H2O(s).  A detailed Standard 

Operating Procedure (SOP) was developed by Dr. Jenny Cox and myself, through consultation 

with the EHS Department, to minimize the risk when handling the solid uranyl salt, which can be 

found in Appendix B.   

Several other SOPs were developed in the course of this work to deal with potential hazards 

that may arise when handling the aqueous uranyl sulfate solutions.  SOPs were written for the 

creation of dilute mixtures of uranyl sulfate and sulfuric acid; for any potential spill of a uranyl 

salt solution; and for the containment and clean-up of uranyl solutions from Raman cells that have 

shattered due to the high pressures used during measurements.  These SOPs can also be found in 

Appendix B, which demonstrates the foresight and care taken in our laboratory when working with 

these compounds. 
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II.4   Chemicals and Solution Preparation 

 II.4.1   Preparation of Solutions for the Thermal Decomposition Project (Chapter III) 

Sodium trifluoromethanesulfonate (reagent grade, 98%), sodium perrhenate (trace metals 

analysis grade, 99.99%), perchloric acid 20% w/w (puriss p.a. grade), sodium bisulfate (puriss p.a. 

grade) and tris(hydroxymethyl)aminomethane (ultrapure grade >99.9%) were all purchased from 

Sigma-Aldrich. Anhydrous sodium perchlorate (ACS reagent grade, “98-102%”), 

trifluoromethanesulfonic acid (reagent grade, 98+%) and sodium hydroxide (50% w/w aq. 

solution) were obtained from Alfa Aesar.  Perrhenic acid (trace metals analysis grade, 99.99%) 

was purchased from Acros.  Potassium hydrogen phthalate (A.C.S. reagent grade) was purchased 

from Fisher Scientific.  All sodium salts, except sodium perrhenate and sodium perchlorate, were 

dried to constant mass at temperatures between 110 oC and 130 oC.  Sulfuric acid (concentration 

0.5 mol·L-1) was purchased from Fluka and standardized by titrations in triplicate using a 0.2 

mol·kg-1 (molal) NaOH solution.  The NaOH solution was prepared by mass from a 2 molal NaOH 

stock solution, which was standardized by titration in triplicate using potassium hydrogen 

phthalate (KHP).  Stock solutions of perchloric acid and triflic acid were standardized by titration 

in triplicate using tris(hydroxymethyl)aminomethane (THAM). 

Aqueous stock solutions of the neutral sodium salts and their acid analogues were prepared 

by mass to concentrations of ~0.1 mol·kg-1 with a precision of ± 0.5% or better.  They were stored 

in sealed Pyrex bottles for acidic solutions and Nalgene™ bottles for neutral solutions.  
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II.4.2   Preparation of Solutions for the Uranyl Sulfate Project (Chapters IV and V) 

UO2SO4·3H2O(s) (99+%, IBILabs, lot 9C15650) was used without further purification to 

prepare an aqueous 3.201 ± 0.004 mol·kg-1 (molal) stock solution using ultrapure water (Direct 

Q5, Millipore, 18.2 MΩ·cm), which was kept under constant stir.  From this stock, we prepared 

15 aqueous solutions (listed in Chapters IV and V) by addition of appropriate amounts of ultrapure 

water (Direct Q5, Millipore, 18.2 MΩ·cm) and concentrated H2SO4 (99.999%, Sigma Aldrich, Lot 

SHBD1689V) by mass.   

Isolation of the UO2
2+(aq) species involves the removal of sulfate to eliminate any 

UO2(SO4)n
2-2n(aq) species, while maintaining acidic conditions to avoid the formation of uranyl 

hydroxide complexes.  Complete removal of sulfate was done very efficiently by the addition of 

Ba2+(aq) to form insoluble BaSO4(s).3  A solution of [0.22 mol·kg-1 Ba(CF3SO3)2 + 2.0 mol·kg-1 

HCF3SO3] (99.97% Ba basis, Alfa Aesar, Lot K14X005; 99.6%, Sigma Aldrich, Lot 

MKBQ5293V) was added dropwise to a 0.2 mol·kg-1 UO2SO4 solution in order to control the 

BaSO4(s) particle size for efficient filtration,3-6 and was analyzed without need for filtration (a 

filtered solution provided identical results).  Trifluoromethanesulfonate (or “triflate”) was chosen 

as a counterion as it is a non-complexing anion with well-known aqueous Raman properties.7-8 

In attempting to isolate the UO2(SO4)2
2-(aq) species, a solution of [UO2SO4 + HCF3SO3] 

in near-saturation with Na2SO4 was prepared by the addition of a solution of [0.1 mol·kg-1 UO2SO4 

+ 0.2 mol·kg-1 HCF3SO3] to solid Na2SO4 (99.99%, Alfa Aesar, Lot H29Z038) to generate a 

concentration of 1.5 mol·kg-1 Na2SO4.  Na2SO4(s) was dried at 110 °C to constant mass before 

use.   
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II.5   Standardization of the UO2SO4 Stock Solution 

The UO2SO4 stock solution concentration was standardized by measuring the apparent 

molar volumes of diluted stock solutions and comparing them to accurate values reported by 

Manzurola and Apelblat.9  Six solutions were prepared by mass from the stock, with concentrations 

ranging from 0.08 – 0.35 mol·kg-1, and their solution densities measured using an Anton Parr 

DMA5000 vibrating tube densimeter at ambient pressure P = (0.98 ± 0.01) MPa and 298.15 K.  

Solutions were degassed prior to injection to remove dissolved air and to prevent bubbles from 

entering the instrument. This procedure was carried out in a syringe, and involved capping the end 

of the syringe, pulling back the piston to create a vacuum, shaking the syringe, and then slowly 

releasing the piston, removing the cap and expelling the gas. This process was repeated until 

bubbles no longer formed.  D2O solutions were degassed in the same manner, but in an argon 

atmosphere to prevent exchange with ambient H2O vapour.  Solutions were measured in the 

following order: H2O, 1.0059 mol·kg-1 NaCl, D2O, the six UO2SO4 solutions from low to high 

concentration, and H2O, 1.0059 mol·kg-1 NaCl, and D2O again.  H2O, D2O and the NaCl solution 

are used as calibration standards, and were measured at the beginning and end in order to account 

for any instrument drift.  The instrument was rinsed with ~100 mL of H2O between each injection. 

Solution densities were obtained from the experimental period of vibration using the 

relationship  

2 2( )s w P s wk               (II.1) 

where s , w , s  and w  are the densities (g·cm-3) and periods of vibration (μs) for the solution 

and water, respectively. The parameter 
Pk  is the cell constant, calculated by Equation (II.1) in two 

ways: by using the periods of vibration and densities of H2O and a 1.0059 mol·kg-1 NaCl solution, 
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and by using those of H2O and D2O.  Densities were calculated from Hill's equation of state for 

water10 and D2O,11 and Archer's thermodynamic model for the properties of NaCl.12  The cell 

constant derived using H2O and the NaCl solution was ultimately used because the density of NaCl 

solutions are known more accurately, and the cell constant provided a smaller standard error on 

the UO2SO4 stock solution concentration. 

The apparent molar volumes expV  are given by  

2 4

2 4 2 4 2 4

exp 1 1 1
1000

UO SO

UO SO UO SO w UO SO

M
V

m


  

 
   

 
 

     (II.2) 

where M, ρ and m are the molar mass (g·mol-1), density (g·cm-3), and molality (mol·kg-1), 

respectively.  Values of expV  have been reported by Manzurola and Apelblat from 0.0048 – 0.3815 

mol·kg-1 UO2SO4.
9  For reasons discussed by Manzurola and Apelblat, Figure II.2 is a plot of expV  

vs
2 4

1/2

UO SOm , which yields two regions exhibiting a linear trend.  The best fit line from 0.0717 – 

0.3815 mol·kg-1 UO2SO4 was used with Equation (II.2) to give 
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    (II.3) 

where a and b are the slope and y-intercept of the best fit line.  Since molality is the only unknown 

in Equation (II.3), it can be solved to provide the desired concentration of UO2SO4.  This was 

performed for each of the six UO2SO4 solutions prepared from the stock.  These values were then 

used to back-calculate the concentration of the stock itself, which was found to be 3.201 ± 0.004 

mol·kg-1. 
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Figure II.1   Photograph of our dedicated uranyl salt fumehood, prior to handling uranium 

(December 2013).  Shown are the Teflon liner, stock solution (clamped, over the micro stir plate) 

and Pyrex dishes for chemical storage, waste containers, general workspace and miscellaneous 

items (left to right). 
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Figure II.2   Apparent molar volume versus m1/2 reported by Manzurola and Apelblat (1985),9  

showing two regions of linear behavior, from 0.0048 – 0.0614 mol·kg-1 UO2SO4, and from 0.0717 

– 0.3815 mol·kg-1 UO2SO4.  
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ABSTRACT 

This paper reports methods for obtaining time-dependent reduced isotropic Raman spectra 

of aqueous species in quartz capillary high-pressure optical cells under hydrothermal conditions, 

as a means of determining quantitative speciation in hydrothermal fluids.  The methods have been 

used to determine the relative Raman scattering coefficients and thermal decomposition kinetics 

of the non-complexing anions bisulfate (HSO4
-), perchlorate (ClO4

-), perrhenate (ReO4
-), and 

triflate (CF3SO3
-) in acidic and neutral solutions at temperatures up to 400 oC and 30 MPa.   

Arrhenius expressions for calculating the thermal decomposition rate constants are also reported.  

Thermal stabilities in the acidic solutions followed the order HSO4
- (stable) > ReO4

- > ClO4
- > 

CF3SO3
-, with half-lives, t1/2 > 7 h at 300 oC.  In neutral solutions, the order was HSO4

- (stable) > 

CF3SO3
- > ReO4

- > ClO4
- with t1/2 > 8 h at 350 oC.  Triflate was extremely stable in neutral 

solutions, t1/2 > 11 h at 400 oC. 

 

 

 

 

 

 

 

 

 

KEYWORDS: Raman microscopy; high pressure optical cell; hydrothermal solutions; reduced 

isotropic Raman spectra; thermal decomposition kinetics; non-complexing reference anions. 
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III.1   Introduction 

Small scale techniques based on the use of diamond anvil cells (DAC) and quartz capillary 

cells, also known as “high pressure optical cells” (HPOC), are being increasingly employed to 

study subcritical and supercritical solutions using Raman spectroscopy as an experimental tool.1-2 

Quantitative Raman measurements for determining thermodynamic properties and structural 

information require the use of polarization techniques to determine the reduced isotropic spectra.3  

The advantages of determining the reduced isotropic spectrum are threefold: (1) this spectrum only 

contains peaks corresponding to symmetric (polarized) molecular vibrations so that asymmetric 

vibrations are subtracted out; (2) the background signal is removed to provide a very flat baseline; 

and (3) contributions to the signal from Rayleigh scattering, as well as thermal contributions from 

Raman scattering by molecules in their vibrational excited states, are removed.  Typically, such 

measurements have been carried out in sealed quartz tubes, at temperatures below 200 oC, using a 

90o scattering angle.4-7 

In addition to the use of polarization techniques, quantitative Raman measurements often 

require the use of an internal reference standard.  In the aqueous phase, these internal reference 

standards must be soluble, non-complexing and thermally stable under the conditions of interest.  

The species that have been used for this purpose in thermochemical and transport property 

measurements, and in Raman studies with macro-scale cells, are the non-complexing anions 

perchlorate (ClO4
-),4, 8-9 perrhenate (ReO4

-),10-11 and trifluoromethanesulfonate, or “triflate” 

(CF3SO3
-).12-15  Triflate has been used as a non-oxidizing alternative to perchlorate since first 

identified for this purpose by Fabes and Swaddle.16  Although it has not previously been used for 

this purpose, the bisulfate ion (HSO4
-), which is isoelectronic with perchlorate, also shows little 

tendency to form complexes at temperatures up to 300 oC,7 and is a candidate for use as a reference 
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ion in high temperature water.  With the exception of bisulfate and the pioneering work on triflate16 

and perchlorate,17 the stability of such ions under hydrothermal conditions at varying pH is not 

well known.  Although perrhenate has been used as a thermally stable reference ion by Djamali et 

al.,10 to our knowledge no thermal decomposition studies have been published.   

This paper reports methods for obtaining quantitative time-dependent Raman spectra using 

quartz HPOC capillary cells.  To the best of our knowledge, this is the first report on the successful 

use of these cells to obtain reduced isotropic spectra in the literature.  These methods have been 

used to determine the thermal decomposition kinetics of non-complexing anions under acidic and 

neutral conditions at temperatures up to 400 oC at a constant pressure of 30 MPa.  Arrhenius 

expressions for calculating the thermal decomposition rate constants and half-lives as a function 

of temperature are reported.  These are intended to be used as a practical tool to guide the design 

of hydrothermal experiments requiring non-complexing reference anions.  

 

III.2   Experimental Methods 

 III.2.1   Chemicals and Solution Preparation 

Sodium trifluoromethanesulfonate (reagent grade, 98%), sodium perrhenate (trace metals 

analysis grade, 99.99%), perchloric acid 20% w/w (puriss p.a. grade), sodium bisulfate (puriss p.a. 

grade) and tris(hydroxymethyl)aminomethane (ultrapure grade >99.9%) were all purchased from 

Sigma-Aldrich. Anhydrous sodium perchlorate (ACS reagent grade, “98-102%”), 

trifluoromethanesulfonic acid (reagent grade, 98+%) and sodium hydroxide (50% w/w aq. 

solution) were obtained from Alfa Aesar.  Perrhenic acid (trace metals analysis grade, 99.99%) 
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was purchased from Acros.  Potassium hydrogen phthalate (ACS reagent grade) was purchased 

from Fisher Scientific.  All sodium salts, except sodium perrhenate and sodium perchlorate, were 

dried to constant mass at temperatures between 110 oC and 130 oC.  Sulfuric acid (concentration 

0.5 mol·L-1) was purchased from Fluka and standardized by titrations in triplicate using a 0.2 molal 

NaOH solution. The NaOH solution was prepared by mass from a 2 molal NaOH stock solution, 

which was standardized by titration in triplicate using potassium hydrogen phthalate (KHP).  Stock 

solutions of perchloric acid and triflic acid were standardized by titration in triplicate using 

tris(hydroxymethyl)aminomethane (THAM). 

Aqueous stock solution of the neutral sodium salts and their acid analogues were prepared 

by mass to concentrations of ~0.1 mol·kg-1 with a precision of ± 0.5% or better using ultrapure 

water (Direct Q5, Millipore, 18.2 MΩ·cm).  They were stored in sealed Pyrex bottles for acidic 

solutions and Nalgene™ bottles for neutral solutions.  

 

  III.2.2   High Pressure Optical System 

   III.2.2.1   Fused Silica Capillary Cells  

The high pressure optical cells were prepared from commercially available fused silica 

(quartz) capillary tubing (Molex – Polymicro Technologies™, LLC) with an outer and inner 

diameter of 360 and 200 microns, respectively.  As purchased, the capillary tubes were coated in 

a polyimide layer (~ 20 μm thick).  The tubes were cut to approximately 15.5 cm, and one end of 

the tube was exposed to a gas flame and washed with water to remove the polyimide layer in order 

to expose the quartz tubing, and thus creating an optical window (approx. 5 cm in length).  The 
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tubes were then loaded with the sample solution using a P-662 luer-to-micro syringe adapter 

(IDEX® – Health and Science), and the optical window end was sealed under an oxygen-gas torch.2   

Once filled with sample solution and sealed, the open end of the capillary tube was fitted to the 

pressure system with a VICI 360 µm reducing union, so that the capillary tube could be pressurized 

using ultrapure water.  The length of the solution-filled zone in the cell (15 cm) and the heating 

zone (5 cm) are so large relative to the cell diameter (200 μm)2 that no mixing with the ultrapure 

water used to regulate the pressure inside the capillary cell occurs.  This was confirmed in our 

study by measuring Raman spectra of test solutions at different points along the tube over extended 

times at elevated temperatures, even in solutions that had been exposed to supercritical conditions 

or partial boiling before they were quenched.    In addition, the spectra of thermally stable standard 

solutions were routinely measured at 25 oC before and after each experiment, showing no loss in 

signal. 

 

III.2.2.2   Pressure System 

A schematic diagram of the high-temperature, high-pressure injection system used for this 

work is presented in Figure III.1.  Briefly, the system consisted of an ISCO Model 260d HPLC 

syringe pump, attached to the high-pressure optical cell via PEEK™ tubing (1/16” O.D., rated to 

7000 PSI) and the VICI 360 µm reducing union at the open end of the cell.  Once coupled to the 

pressure system, the capillary cell was then carefully inserted into the Linkam stage, locked in 

place, and pressurized using ultrapure water.  The pressure of the solutions was controlled with 

the syringe pump, and was measured with the digital pressure transducer on the pump controller.  
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III.2.2.3   LINKAM Temperature Controller  

The cell holder was a Linkam CAP500 stage coupled with a T95 temperature controller. 

The internal compartment of this cell holder is composed of a xy capillary positioning mount and 

a silver block heater that doubles as the optical observation platform for the capillary cell.  The 

silver block heater consists of a fixed base (50 mm × 13 mm × 10 mm) with a removable cover 

(50 mm × 3 mm × 10 mm), which serves to provide uniform temperature control.  The cover has 

a 1 mm × 1 mm × 50 mm channel milled on its underside to hold the capillary cell in place, which 

is positioned under a 40 mm long observation slit.  The center of the silver heating block has a 

circular drilled hole of 1 mm diameter through which the laser can pass.  The temperature of the 

heating stage was controlled using the Linkam T95 System Controller with a 100 Ω platinum 

resistor heating element mounted to the silver block, and a built in water jacket in the external wall 

of the stage provides external cooling.  The accuracy of the measured temperature is ± 0.004 t/oC 

as stated by the manufacturer, which corresponds to ± 1.2 oC at 300 oC and ± 1.6 oC at 400 oC.  

The temperature probe was calibrated by observing the isobaric boiling points of water up to 374 

oC.  These agreed with boiling points calculated from the IAPWS Scientific Formulation for the 

equation of state for water,18 to within the combined uncertainty limits. 

 

III.2.3   Raman Spectroscopy  

III.2.3.1   Instrumentation 

Raman spectra were recorded from polarized Raman back-scattering measurements using 

a custom-made Horiba Jobin Yvon HR800 LabRAM system constructed with both a large 
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macrochamber and a fiber-optic coupled OLYMPUS™ confocal microprobe.  The instrument is 

equipped with an 800 mm focal length spectrograph; a 532 nm, 250 mW, Torus-200 diode-pumped 

solid-state (DPSS) continuous wave laser; an edge filter with a Stokes edge of less than 120 cm-1; 

a 1024 × 256 pixel CCD detector that is Peltier-cooled to approximately -70 °C; an 1800 line/mm 

holographic grating; a polarizer; a scrambler; and an adjustable slit entry port with widths set to 

200 μm.  The measurements reported here were carried out in the microprobe, which was fitted 

with a custom-made Teflon cell holder to hold the LINKAM stage in a fixed position, allowing 

independent adjustment of the microscope stage in all three dimensions.   

 

III.2.3.2   Experimental Methodology  

  Focusing the optics of our spectrometer was accomplished in the following manner.  First, 

the capillary tube was observed visually through the optical window provided by the silver block 

heater cover, using the LabSpec software in video mode coupled with a long-working-distance M 

plan semi-apochromatic 10X objective lens (LMPLFLN, OLYMPUS™).  This allowed us to focus 

on the capillary tube along its horizontal axial plane.  The sharpest resolution of the outer walls of 

the tube corresponded to the position at which the focal point of the lens was centered on the 

central axis of the capillary tube, and thus in the middle of the solution.  Once the focus using the 

10X objective lens was completed, the objective was then switched to a super-long-working-

distance plan achromatic 20X objective lens (SLMPLN, OLYMPUS™) and refocused as described 

above.  The cell was then heated rapidly to the temperature of interest (typically in less than 10 

min).  After reaching the desired temperature, the focal point of the laser was fine-tuned (usually 
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only in the z-axis) to maximize the Raman signal from the solution and to minimize the signal 

from the silica walls and baseline noise. 

 Often, the tubes were observed to move slightly over time, especially at high temperatures.  

This caused problems in maintaining the focus inside the cell to achieve a stable Raman signal 

over the course of the experiment.  To correct this issue, the broad silica bands in the 200 – 550 

cm-1 region (see Figure III.2) were used as an external reference signal, indicating the position of 

the capillary cell.  Consistent positioning of the laser focal volume inside the solution sample, as 

determined by the invariance of the signal strength from the silica bands between 200 – 550  

cm-1, provided a stable Raman signal with variations of no more than ± 2%, based on the 

reproducibility of two subsequent scans.  Maximizing the signal from the solution also minimized 

the signal from silica.  Data sets which showed a change (typically a very obvious increase) in the 

signal strength of the silica bands over time were discarded. 

  While these methods were used very successfully with both acidic and neutral solutions, 

measurements in basic conditions (pH of 9 and above) were found to be challenging because even 

dilute hydroxide solutions dissolved the quartz tubing at temperatures above 250 oC.7, 17  A second 

experimental challenge arose during some experiments at temperatures of 350 oC and higher, 

where the intense laser exposure was observed to cause a visual feature to appear on the surface 

of the fused silica tube. We associated this with either the formation of a pit or crevice on the 

internal wall of the cell, or the deposition of decomposition products.  This ultimately scattered 

the laser light to the point where no signal could be observed.  Spectra were recorded only for the 

samples where this effect did not occur. 
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III.2.4   Baseline-Corrected Reduced Isotropic Spectra 

Polarized Raman spectra were recorded by adjusting the polarizer inside the microscope 

housing to its perpendicular and parallel orientations.  For each polarization orientation, we 

recorded and averaged nine spectra to reduce background noise.  Quantitative baseline corrected 

spectra were then calculated from the parallel and perpendicular polarized spectra, I||(ṽ) and I(ṽ), 

to yield the isotropic spectrum IIso(ṽ) using the formula:  

 

  Iso

7
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I I I   

‖
        (III.1)  

 

This expression for a 180º backscattering angle geometry is analogous to the calculation for a 90º 

scattering angle geometry, except that the factor 4/3 is replaced by 7/6 as is required because of 

the change in optics.19  The reproducibility of spectra of the same acid solution in different tubes 

was better than ± 5%, and no scaling factor was used for baseline correction.  As an example, 

Figure III.2 shows the polarized spectra I||(ṽ) and I(ṽ) for ~0.1 mol·kg-1 HCF3SO3 at 25 °C and 

30 MPa, and the corresponding isotropic spectrum IIso(ṽ). 

The isotropic spectrum IIso(ṽ) contains contributions from Rayleigh-wing scattering and 

the thermal excitation of low frequency modes.  For the spectra of solutions containing multiple 

solutes, j, each with i vibrational bands, the isotropic spectrum is described by the expression:20  
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where Ji,j and Si,j are the isotropic Raman scattering factor and reduced isotropic Raman scattering 

factor, respectively, and  

 

 1 exp
hc

B
kT

 
   

 
         (III.3) 

Here, CInstr is a constant which depends on the instrument response, slit-width, solid collection 

angle and absorption due to colour; ṽ0 is the absolute frequency of the incident laser (in 

wavenumber units); ṽ is the frequency difference of the scattered radiation relative to ṽ0 (i.e. the 

Raman shift); and B is the Boltzmann distribution for the thermal population of low frequency 

excited states.  To remove these effects, our data treatment was based on the reduced isotropic 

form of the spectrum RIso(ṽ),  
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          (III.4) 

so that 

  
Iso Instr j i,j

j i

( )R C c S            (III.5) 

The reduced isotropic Raman spectra RIso(ṽ) were calculated from IIso(ṽ) using Equation (III.4) and 

(III.5) by a software program written in Wolfram Mathematica® Version 5.0.20  

 The reduced isotropic spectra RIso(ṽ) are preferred for quantitative data treatment, rather 

than IIso(ṽ), because the integrated peak areas of the i vibrational bands, Ai,j, for each species j, are 

proportional to the molar concentration cj at all temperatures and frequencies, 

 *

i,j i,j j i,j j SolnA S c S m            (III.6) 
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and because the removal of the (ṽ0 – ṽ)4 ṽ -1 term simplifies the baseline subtraction.  The reduced 

scattering factor Si is related to the isotropic scattering factor Ji, by the relationship:  Si = B·Ji. 

For quantitative measurements, the integrated area of a band in the reduced isotropic 

spectra can be used to calculate the specific molality of the species m* (moles per kilogram of 

solution) relative to that of the standard:  

 

 
*

IS IS IS IS IS SolnA S c S m           (III.7) 

 

The ratio of Equations (III.6) and (III.7), i IS/A A , can be reorganized to give the molality (moles 

per kilogram of solvent) of species i  
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         (III.8) 

where the conversion from specific molality and molality cancels out, as we are considering the 

same solution.  Thus, quantitative molalities can be determined if the reduced scattering coefficient 

relative to the internal standard, i IS/S S , is determined experimentally. 

 

III.2.5   Practical Limitations (pH, Temperature, Lasing Effects)  

Exposure to the laser was observed to increase the decomposition rate of sodium perrhenate 

in an early run at 200 oC in which the laser was left on continuously, relative to runs in which the 

laser was turned off between spectra.  This enhanced decomposition rate is thought to be due to 
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either localized heating effects or photoreduction from the intense laser light.  The remaining 

measurements were made by only turning the laser on during the acquisition of the Raman 

spectrum, to minimize the laser exposure during the experiment. 

 

III.3   Results 

III.3.1   Raman Spectra 

  Raman spectra for the range 200 to 1300 cm-1 were collected every 20 to 30 min over time 

periods of up to 6 h from 150 to 400 oC, depending on the rate of decomposition of the sample.  

The wavenumber position and integrated areas of the symmetric vibrational bands for each species 

were obtained by fitting each band to a statistically significant set of Voigt functions using the 

curve fitting program OriginPro™ (Version 9.0) at default convergence criteria, which 

corresponded to a peak threshold criteria of 20% above the baseline, and a convergence threshold 

of <10-6.  Time-dependent, baseline-corrected reduced isotropic Raman spectra, RIso(ṽ), for the 

most intense band of each anion at the highest temperature studied are shown in Figure III.3 and 

III.4 for acidic and neutral conditions, respectively.  The temperature-dependent spectra for sodium 

bisulfate are shown in Figure III.5.  

  In a separate set of experiments, solutions of sodium perchlorate and each of the sodium 

salts of the other anions used here (~0.1 mol·kg-1 of each), were studied at temperatures up to 350 

oC, in order to determine the temperature-dependence of their relative scattering coefficients 

relative to the perchlorate ion, -
4

i ClO
/S S , as defined by Equation (III.8).  Frequencies and band 

assignments are listed in Table III.1, along with the average values of -
4

i ClO
/S S .  The relative 
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scattering factors were found to be independent of temperature to within the experimental 

uncertainties of ± 5%.  

  The perchlorate and perrhenate anions are similar in size, shape, and tetrahedral symmetry. 

As such, they undergo strong Raman scattering with one dominant symmetric stretching located 

at 936 cm-1 for ClO4
- and 972 cm-1 for ReO4

-
.
21  However, the symmetric stretch of ClO4

- also has 

a shoulder at 922 cm-1, which is an overtone band from a lower frequency mode.  The summation 

of the integrated area of both of these bands were used in the calculations listed below, as there is 

considerable overlap between the two.  The Raman spectrum of triflate at 25 °C exhibits five 

symmetric bands:22 a strong symmetric S-O3 stretching band at 1038 cm-1, as well as other 

symmetric stretching vibrational modes (C-F3 at 1230 cm-1 and C-S at 321 cm-1) and symmetric 

deformations (S-O3 at 580 cm-1 and C-F3 at 766 cm-1) of weaker intensity.  For the purposes of this 

work, our analysis focused on the S-O3 stretching band due to its superior signal strength.  Under 

hydrothermal conditions, aqueous silicate has a strong symmetric Si-O stretching vibrational mode 

at 770 cm-1, along with a much weaker broad shoulder at 875 cm-1 which only appears above 500 

oC.23  Its overlap with the bands at 936 and 972 cm-1 for the perchlorate and perrhenate reference 

anions was found to be negligible. 

  Bisulfate is isoelectric with perchlorate, and also has a high Raman scattering efficiency.  

It has strong two symmetric bands,4-5, 7 an S-O3 stretch at 1065 cm-1 and an S-OH stretch at 909 

cm-1, and the low-temperature spectra are complicated by its ionization to form the sulfate ion 

below about 200 oC, which has its own symmetric S-O4 Raman stretch at 993 cm-1.  At the highest 

temperature studied, 400 oC, both bands decreased by about 40% over 4 h, and did not reappear 

after cooling the cell.  No peaks of reaction products were observed over our experimental range 

of 200 to 1300 cm-1.  For reasons discussed below, the decrease in the bisulfate band at 400 oC 
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was attributed to reactions with the fused silica tube, and bisulfate was considered to be stable at 

temperatures up to 375 oC.  We chose not to fit a kinetic model to the data at 400 oC. 

 

III.3.2   Rates of Decomposition  

 First and second order reaction models were fitted to the time-dependent integrated areas 

of the most intense Raman bands observed for the perchlorate, perrhenate and triflate anions at 

each temperature.  Both models were found to fit the data with similar standard errors in the 

regressed coefficients, which were typically less than 10%.  The thermal decomposition time scales 

of these data sets are quite limited (five half-lives or less) and they were not sufficient to allow us 

to apply statisticial tests to choose between the validity of the two models.  Under acidic conditions, 

we chose to report the second-order thermal decomposition model, as it is broadly consistent with 

the findings by Fabes and Swaddle who observed that decomposition is strongly pH dependent, 

and solutions of perchloric acid also decomposed by second order kinetics:16 

  +
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The thermal decomposition of acids in our studies, for which +H A
m m  (assuming complete 

dissociation at high T), would therefore follow the second order rate law: 
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  With the exception of the bisulfate solutions, the pH of the neutral solutions used in our 

thermal decomposition experiments is controlled by the self ionization of water, the ionization of 
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surface hydroxyl groups of silica, and the formation of acidic reaction products.  Under conditions 

of fixed pH, Fabes and Swaddle’s thermal decomposition model would yield pseudo first-order 

kinetics according to Reaction (III.9).16  Thus, the thermal decomposition of anions in neutral 

solutions was assumed to follow the pseudo first-order rate law with respect to the anion: 

  A
1/2A A A 0

d ln 2
 ;      ;      kt

m
k m m m e t

dt k



  

           (III.11)  

  As mentioned above, Figure III.3 and III.4 show the spectra of perchlorate, triflic and 

perrhenate anion in acidic and neutral conditions at the highest temperature studied as examples 

of the decomposition profiles. 

 The rate constants of acid-catalyzed and neutral solution decomposition, obtained from 

fits of Equation (III.10) and (III.11) to the corresponding data, are listed in Tables III.2 and III.3, 

along with their corresponding half-lives at each temperature.   The Arrhenius equation,  

   ln  ln aE
k A

RT


           (III.12)  

was fitted to the temperature-dependent rate constants, with the objective of yielding a practical 

predictive model for use in experimental design.  Values for the activation energy Ea and pre-

exponential factor A in the Arrhenius equation are reported in Table III.4.  

The perchloric acid solutions were relatively stable up to 300 oC, with a half-life of 14 h. 

Attempts to conduct experiments in acidic solutions at temperatures above 300 oC were not 

successful, due to the instability of the Raman signal in these extreme hydrothermal conditions 

under intense lasing power (i.e. the “pitting” effect, or deposition of decomposition products 
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discussed above).  In sodium perchlorate solutions, the ClO4
- ion was found to exhibit good 

stability, with a half-life of 8.3 h at 350 oC.  This is consistent with the findings of Henderson et 

al.,17 who found the decomposition of ClO4
- to be dependent on acid concentration and stable 

under neutral conditions, as discussed below in Section III.3.2.3. 

The perrhenic acid solutions were also found to be relatively stable over the temperature 

range from 150 – 300 oC.  Second-order half lives ranged from 327 h at 150 oC to 14 h at 300 oC.  

At 350 oC, the anion became quite unstable.  After 60 min, the spectra began to show an oscillating 

baseline, visible in Figure III.3b, and the Arrhenius plot showed a discontinuity, likely indicating 

a second decomposition process.  We attribute this to the onset of precipitation of the oxide, 

discussed in Section III.3.3.  Decomposition rates for the sodium perrhenate solutions were 

determined from all the data measured from 200 – 300 oC, and data was obtained at 350 oC up to 

the point where the order of the Arrhenius plots appeared to once again change.  Although the 

reported rate constants correspond to an initial half-life of 11 h at 350 oC, we stress that this was 

overtaken by the second decomposition process after ~ 2 h.  Clearly, the ReO4
- anion is more stable 

in neutral vs. acidic conditions up to 300 oC, and its stability is comparable to its chlorine-

containing analogue, ClO4
-.  

Solutions of triflic acid exhibited relatively good stability up to 300 oC.  This was roughly 

equivalent to the stability of the ClO4
- ion under the same conditions, with a half-life of 8 h. 

However, at 350 oC, triflic acid became highly unstable, with a short half-life of 1.5 h.  Under these 

conditions, it was the most unstable reference ion studied in this work.  In contrast, the CF3SO3
- 

ion was extremely stable in neutral solutions of NaCF3SO3(aq) with a half-life of 450.9 h at 350 

oC.  Within experimental uncertainties, no decomposition was seen.  At 400 oC, the decomposition 

rates were less reproducible.  Three independent measurements at this temperature yielded an 
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average half-life for the CF3SO3
- ion of ~10 h.  No high temperature pitting was observed in 

NaCF3SO3 solutions at 400 oC. 

Finally, we noted that the concentration of some samples with a slow rate of decomposition 

appeared to increase by 5 to 10% within the first hour of the experiment.  This observation suggests 

that there may be uptake of water molecules from the bulk solution into the structure of silica on 

the inner surface of the cell wall.24  

 

III.3.3   Thermal Decomposition Products 

III.3.3.1   Perchlorate 

The Raman spectra shown in Figure III.3a and III.4a were taken from spectra that covered 

the range from 200 to 1200 cm-1.  No additional bands of decomposition products, such as ClOx  

(x = 1 – 3) were observed.  Henderson et al. studied the thermal decomposition kinetics of aqueous 

perchloric acid in titanium vessels at temperatures up to 300 oC and steam saturation pressure.17  

They reported reaction orders that varied from 2.6 for 6.61 mol·kg-1 HClO4 to 1.5 for 2.26  

mol·kg-1 HClO4, consistent with our results, and proposed that decomposition took place through 

the following stoichiometric decomposition reactions:  

4ClO4
-(aq) + 4H+(aq) → 2H2O(l) + 2Cl2(aq) + 7O2(aq)     (III.13)  

2HClO4(aq) →  ·ClO4(aq) + ·ClO3(aq) + H2O(l)     (III.14)  

where the radicals ·ClO4(aq) and ·ClO3(aq) rapidly decompose to form Cl2(aq) and O2(aq).  

Although the band for aqueous Cl2 (546 cm-1)25-27 was not observed in the Raman spectra, Cl2 is 
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known to react with water to form HOCl (~3578 cm-1),28 whose signal would have been masked 

by the large, broad water band centered at 3300 cm-1, making it very difficult to detect.  Moreover, 

no attempt was made to observe the band for O2(aq) at 1546 cm-1, as it is known to be very weak.25  

Thus, we assume the decomposition reactions listed above are correct. 

 

III.3.3.2   Perrhenate 

The perrhenate thermal decomposition reactions corresponding to the spectra in Figure 

III.3b and III.4b were accompanied by the formation of a layer of black particulate solid, which 

formed on the inner surface of our capillary tubes (the deposit could be observed in the field of 

view around the focused laser spot), under both neutral and acidic conditions.  A micrograph of a 

typical deposit is shown in Figure III.6.  This layer of black solid eventually caused diffuse 

scattering of the laser light, cutting short the time that we were able to study the perrhenate systems 

at the highest temperatures.  We speculate that the discontinuity in the Arrhenius plots, shown in 

the Supplementary Information, corresponds to a change in the thermal decomposition mechanism 

from homogeneous nucleation in solution to accumulation of the precipitate on the inner surface 

of the capillary tube. 

Djamali et al. studied the thermodynamics of aqueous sodium perrhenate and its acid 

analogue up to 325 oC.10-11  In the course of their measurements, they observed a black precipitate, 

reported to be crystalline rhenium oxide, ReO2(cr), which formed according to an unspecified 

decomposition reaction: 

ReO4
-(aq) → ReO2(cr) + other products     (III.15)  
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Although we were not able to recover the reaction products from our capillary cells for 

crystallographic analysis, our observation of the appearance of a black crystalline deposit is 

consistent with this reaction.  The discontinuity may also arise from the formation of species with 

lower oxidation states, as intermediates.  We note that the rhenite anion, ReO2
-, has been observed 

in water-saturated carbonate melts at temperatures above 600 oC, with a characteristic strong 

symmetric stretching vibration in its Raman spectrum at 960 cm-1.29  This band overlaps with the 

νs symmetric stretching band of ReO4
-, and may not be observable as a side-band or shoulder.  

Solubility studies by Xiong and Wood30-31 show that ReO2
- is the dominant species in equilibrium 

with ReO2 under hydrothermal conditions, and it may well be an intermediate in the thermal 

decomposition reaction.  However, the solubility of ReO2 was observed to be below 10-3  

mol·kg-1, so that ReO2
- is unlikely to be present in sufficient concentrations to be detected by 

Raman.  The temperature–independence of the relative scattering coefficients that we observed for 

ReO4
- at temperatures up to 350 oC (Table III.1) is further support that only one species is observed. 

 

III.3.3.3   Trifluromethanesulfonate (“Triflate”) 

The Raman spectra of the triflic acid and sodium triflate solutions observed after the 

thermal decomposition measurements displayed several bands that can be assigned to 

decomposition products.  Typical spectra are displayed in Figure III.7a, which shows the Raman 

spectrum of 0.1217 mol·kg-1 HCF3SO3, both at 350 oC, taken just as the solution reached 

temperature, and after 180 min of decomposition.  Figure III.7b shows the Raman spectrum of the 

same solution at 25 oC after decomposition at 350 oC.  As thermal decomposition proceeded, the 

decrease in the triflate band was accompanied by the appearance of a strong peak located at 1152 
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cm-1, consistent with aqueous SO2
0(aq).25  Upon cooling, we also observed bands at 980, 1050 and 

1286 cm-1, consistent with SO4
2-(aq), HSO4

-(aq) and CO2
0(aq), respectively.  The SO2

0(aq) peak 

was not observed during decomposition at 300 oC, suggesting that there is a reaction pathway that 

is insignificant at 300 oC and lower temperatures, but becomes significant between 300 oC and 350 

oC.  The following reaction scheme is proposed from our results: 

CF3SO3
-(aq) + 2H2O(l) → 3H+(aq) + 3F-(aq) + HSO4

-(aq) + CO(aq)  (III.16)  

CF3SO3
-(aq) + H+(aq) + H2O(l) → 3H+(aq) + 3F-(aq)  + SO2(aq) + CO2(aq) (III.17)  

where Reaction (III.16) does not contribute significantly until temperatures exceed 350 oC.  The 

fluoride ion would be expected to react very quickly with the silica capillary tube. 

Fabes and Swaddle have investigated the thermal decomposition of the triflate ion in acidic 

and basic aqueous solutions using titanium pressure vessels over the temperature range 298 to 320 

°C.16  They reported second-order overall rate coefficients for the decomposition of triflate; first 

order with respect to CF3SO3
-(aq), and first order with respect to either H+(aq) or OH-(aq).  No 

detectable decomposition was observed in similar experiments with neutral solutions of NaCF3SO3 

(1 mol·kg-1) up to 347 °C.  Two reactions were proposed by Fabes and Swaddle for the thermal 

decomposition in acidic solutions: 

CF3SO3
-(aq) + 2H2O(l) → 3HF(aq) + HSO4

-(aq) + CO(aq)      (III.18)  

CF3SO3
-(aq) + 2H2O(l) + H+(aq) → 3HF(aq) + H2SO3(aq) + CO2(aq)  (III.19)  

3H2SO3(aq) → 2HSO4
-(aq) + S(s) + H2O(l) + 2H+(aq)    (III.20)  
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Our results are broadly consistent with the above findings, except for our observation of the 

apparent sudden change in decomposition products between 300 to 350 oC, and that SO2 forms 

instead of H2SO3 in Reaction (III.19). 

 

III.3.3.4   Bisulfate 

  Bisulfate is known to be stable in hydrothermal solutions at temperatures up to 400 oC,32-

34 so the irreversible decrease in the intensity of the 980 cm-1 and 1055 cm-1 bands above 300 oC 

was unexpected.  No new peaks were observed at any frequency over our experimental range of 

200 to 1300 cm-1.  The absence of a strong symmetric band at ~1080 cm-1 confirmed that the 

decrease was not due to the condensation reaction to form pyrosulfate.35-36  The band at 1190  

cm-1 associated with hydrolyses to form H2SO4
0 was also not present.37  However, sulfate has been 

postulated to form complexes with dissolved silica.38  It is therefore likely that the decrease in 

bisulfate bands is due to an irreversible reaction with the fused silica capillary tube. 

 

III.4   Discussion 

III.4.1   Techniques for Quantitative Speciation Measurements in High Pressure 

Optical Capillary Cells 

The results presented in this study show that HPOC capillary cells can be used to obtain 

quantitative backscattered reduced isotropic Raman spectra at temperatures up to 400 oC, and that 

these spectra can be used to determine speciation in hydrothermal solutions with a relative 
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precision of ± 5%.  The optical alignment of the capillary tubes in the sample holder with the focal 

point of the Raman microprobe, as well as the use of the polarization techniques described above, 

are the key steps required to acquire the reduced isotropic spectra. 

The advantages of polarized Raman spectra for hydrothermal studies are threefold.  First, 

in favorable cases, the reduced isotropic spectra yield scattering coefficients Si,j that are 

independent of temperature, so that they can be used directly in Equations (III.5) to (III.8) to 

determine speciation.  Second, when the reduced isotropic scattering coefficients do change with 

temperature, it is because of changes in coordination number of water or ligands.  The 

depolarization ratios can be used to assign vibrational modes to each band.  Finally, the reduced 

isotropic spectra are less complicated because the asymmetric, unpolarized, bands are removed, 

making it easier to apply curve-fitting techniques in their interpretation.   

Our observations that bisulfate appears to react with the wall of the capillary cell, and that 

apparent initial increases in concentration suggest an uptake of water by the fused silica, are a 

reminder that silica is reactive.  In our experience, these fused silica capillary cells are not suitable 

for alkaline solutions, except for very fast heating curves that are too short a time scale for most 

quantitative polarization measurements.  As in all hydrothermal studies, the experimental design 

must carefully match the reaction vessel material to the solutions that it will contain.  The high-

pressure optical capillary cells are no exception. 

The polarization measurements required to calculate the reduced isotropic spectra typically 

take ~40 min (two 20 min scans) so that the thermal decomposition should be less than ~5% over 

this time period.  The rate constants for thermal decomposition in Tables III.2 and III.3 probably 

represent a best case scenario, in that they include the effects of reactions between the reference 
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anions and the components of the silica tubes while exposure to the laser of the Raman microprobe 

was minimized.   Reactions with other components of a sample solution may provide alternate 

routes that accelerate the thermal decomposition process.  In addition, we have observed that some 

batches of capillary tubing supplied by the manufacturer appear to have a catalytic effect on the 

thermal decomposition reaction.  Finally, we note that our results have also indicated that the laser 

itself can potentially induce an effect on the HPOC capillary cells, and the reference anion itself, 

through long exposure times.  Such effects are expected to be more severe for coloured samples, 

and may induce photochemical reactions in some solutes.  Exposure to the laser may also 

accelerate the rate of thermal decomposition reactions.   

 

III.4.2   Selection of Non-Complexing Reference Anions for Hydrothermal Studies 

The major considerations in selecting a reference ion should be whether the reference 

vibrational bands overlap with those of the solute species under study, whether it can react with 

the species of interest, and whether it is thermally stable.  The perchlorate and perrhenate anions 

are the molecules of choice in this regard, because they are only weakly complexing, and because 

they are symmetric.  Their reduced isotropic spectra have only one intense band, with no other 

bands greater than 1% of the major peak.  Both are strong oxidizing agents, and would be expected 

to be stable under similar chemical conditions.  Perrhenate is a more intense Raman scatterer 

(larger Raman scattering coefficient), and is slightly more thermally stable than perchlorate under 

both acidic and neutral conditions (See Tables III.2 and III.3).  Triflic acid has similar stability to 

perchlorate, but its spectrum is much more complicated, and so it is more likely that the bands of 

interest in the solute would overlap with those of the triflate reference ion.  Under neutral 
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conditions, triflate is more stable than all the other reference anions considered in this study.  

Bisulfate has not generally been used as a non-complexing reference anion.  Its ionization to 

produce sulfate complicates the spectrum and affects the solution pH up to ~150 oC.  However, at 

higher temperatures, it is a viable alternative to the other reference anions, and is stable over quite 

a wide range of redox conditions.  While it does not thermally decompose, it can react with 

inorganic metals to form ion pairs and solid reaction products.  The reaction observed at 400 oC is 

as yet, not fully understood. 

 

III.5   Conclusion  

To the best of our knowledge, this is the first report of methods to obtain quantitative 

reduced isotropic spectra from polarization measurements in an HPOC cell, based on the 

application of Equation (III.1).  These polarization methods provide well-defined spectra, 

requiring minimal baseline correction, whose peak areas can be analyzed with statistical 

techniques based on temperature-independent scattering coefficients.  The rate equations for the 

thermal decomposition of the non-complexing reference anions, reported in Tables III.2 and III.3, 

provide a practical tool for designing experiments for quantitative speciation measurements under 

hydrothermal conditions.  

Over the past 50 years, a variety of high pressure optical cell designs have been developed 

for applying Raman spectroscopic methods to the study of hydrothermal solution chemistry.39-41  

Most of these cells are cumbersome to use, with a limited range of pressure and temperature.  

Diamond anvil cells1 do provide a greatly expanded range of temperatures and pressures, but the 

cells are difficult to use and are limited to isobaric conditions.  The invention of the high pressure 
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optical cell (HPOC) by Chou et al.2, 42 in the 1990s has provided an attractive alternative to these 

more traditional cell designs.  Raman spectra of hydrothermal solutions can be obtained at 

temperatures as high as 500 oC in either sealed cells (saturation vapour pressure) or at a constant 

applied pressure of up to 100 MPa.  The simplicity of the HPOC cells, and their ability to operate 

under independent pressure and temperature control, makes the method a more accessible and 

user-friendly tool for Raman speciation studies than machined high pressure cells or the diamond 

anvil cell technique.  The cells have only recently become commercially available and, to date, 

have largely been used for semi-quantitative geochemical applications. 

The results presented here show that quartz HPOC capillary cells can be used for 

quantitative Raman studies of speciation under hydrothermal conditions at temperatures up to 400 

oC and pressure up to 30 MPa, a range of conditions applicable to thermal and nuclear power 

stations, hydrometallurgical processes, acid gas capture systems, and many other industrial and 

geothermal processes.  The development of quantitative methods for using HPOC capillary cells 

opens the way for applying modern Raman microprobe instruments to the study of speciation in 

high-temperature aqueous solutions for a wide range of problems in industrial chemistry, 

geochemistry and basic research. 
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III.7   Supplementary Material  

  The complete set of time dependent reduced isotropic spectra for perchloric, triflic, 

perrhenic and sulfuric acid, and their sodium salts, is included as Supplementary Information, 

along with the frequencies and Raman scattering coefficient ratios summarized in Table III.1 and 

the plots from which the values for the Arrehenius activation energy Ea and pre-exponential factor 

A in Table III.4 were calculated. 
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Figure III.1   Schematic diagram of the high pressure system. (A) water reservoir, (B) ISCO 260d 

pump, (C) waste, (D) LINKAM CAP500 capillary cell stage, (E) T95 system controller, (F) laser 

(532 nm Nd:YAG), (G) edge filter, (H) microscope, (I) polarizer, and (J) spectrometer. 
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Figure III.2   Isotropic Raman spectrum of 0.1217 mol·kg-1 HCF3SO3 at 25 oC and 30 MPa, and 

the parallel and perpendicular polarized spectra from which it was calculated, I‖(ṽ) and I(ṽ), 

respectively. 
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Figure III.3   Time-dependent Raman spectra showing the thermal decomposition of the reference 

anions at 30 MPa under acidic conditions (A) 0.1010 mol·kg-1 HClO4, (B) 0.1014 mol·kg-1 HReO4 

and (C) 0.1217 mol·kg-1 HCF3SO3. 
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Figure III.4   Time-dependent Raman spectra showing the thermal decomposition of the reference 

anions at 30 MPa under neutral conditions (A) 0.1001 mol·kg-1 NaClO4, (B) 0.0975 mol·kg-1 

NaReO4 and (C) 0.1008 mol·kg-1 NaCF3SO3. 
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Figure III.5   Raman spectra of 0.1096 mol·kg-1 NaHSO4 solution at temperatures from 25 to 

400 oC and at a pressure of 30 MPa. 
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Figure III.6   Micrograph of a fused silica HPOC filled with 0.0975 mol·kg-1 NaReO4 before (left) 

and after (right) 1.5 h at 350 oC, showing the thermal decomposition product. 
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Figure III.7a   Comparison of the Raman spectra of 0.1217 mol·kg-1 HCF3SO3 at 25 MPa and 350 

°C, before thermal decomposition (black) and after 180 min at 350 °C (red). 
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Figure III.7b   Raman spectrum of 0.1217 mol·kg-1 HCF3SO3 at 25 °C, after heating at 350 °C for 

3.5 h. 
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Table III.1   The reduced isotropic Raman vibrational frequencies and temperature-independent Raman scattering coefficients relative 

to the perchlorate (ClO4
-) anion, (

4

/i ClO
S S  ). 

t / °C 
ClO4

- / νs(Cl-O4) ReO4
- / νs(Re-O4) CF3SO3

- / δs(C-F3) CF3SO3
- / νs(S-O3) SO4

- / νs(S-O4) HSO4
- / νs(S-O3) 

Vibrational Peak Frequency / cm-1 

25 935.3 971.8 765.7 1034.0 982.3 1051.5 

150 935.2 968.8 762.6 1033.3 978.7 1053.8 

200 934.7 967.6 761.3 1033.0 976.7 1054.2 

250 934.1 966.4 759.8 1032.5 975.6 1054.3 

300 933.2 965.0 759.1 1031.2 - 1053.9 

350 932.1 963.8 757.8 1030.8 - 1053.5 

 Relative scattering coefficient (
4

/i ClO
S S  ) 

25  1.683 0.163 0.609  - 

150  1.819 0.161 0.601  - 

200  1.834 0.159 0.604  0.820 

250  1.732 0.163 0.617  0.813 

300  1.877 0.151 0.679  0.784 

350  1.753 0.156 0.655  0.848 

aAverage  1.771 ± 0.032 0.158 ± 0.002 0.639 ± 0.015  0.816 ± 0.013b 

aThe uncertainty limits are the standard errors of the mean. 

bThe relative scattering coefficient was calculated for data from 200 °C and above. SO4
2- is a significant species at lower temperatures.



 

 

1
1
9
 

Table III.2   Second order thermal decomposition rate constants, k / (mol·kg-1)-1s-1, and decomposition half-lives, t1/2 / h, of non-

complexing reference ions under acidic conditions at the experimental temperatures. 

t / oC 
HClO4 HReO4 HCF3SO3 

k / mol-1·kg·s-1 t1/2 / h k / mol-1·kg·s-1 t1/2 / h k / mol-1·kg·s-1 t1/2 / h 

150   (8.37 ± 2.95) × 10-6 327.3   

200 NAa NAa (8.82 ± 0.49) × 10-5 31.1 (6.01 ± 0.31) × 10-5 37.7 

250 (1.00 ± 0.23) × 10-4 27.5 (2.00 ± 0.15) × 10-4 13.7 (1.00 ± 0.08) × 10-4 22.8 

300 (2.00 ± 0.16) × 10-4 13.7 (2.00 ± 0.19) × 10-4 13.7 (3.00 ± 0.004) × 10-4 7.6 

350   (4.00 ± 0.20) × 10-3 6.8 (1.50 ± 0.004) × 10-3 1.5 

a No decomposition observed. 



 

 

1
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Table III.3   First order thermal decomposition rate constants, k / s-1, and decomposition half-lives, t1/2 / h, of non-complexing reference 

ions under neutral conditions at the experimental temperatures. 

t / oC 
NaClO4 NaReO4 NaCF3SO3 

k / s-1 t1/2 / h k / s-1 t1/2 / h k / s-1 t1/2 / h 

250   (2.40 ± 0.63) × 10-6 80.2   

300 NAa NAa (1.27 ± 0.08) × 10-5 15.2 (4.30 ± 2.40) × 10-7 447.7 

350 (2.33 ± 0.24) × 10-5 8.26  (1.73 ± 0.40) × 10-5 b 11.1   

400      (1.71 ± 0.30) × 10-5 b 11.3 

a No decomposition observed. 

b Two data sets were collected and fitted. 

 



 

 
121 

Table III.4   Activation energiesa calculated from Arrhenius equation k = A·exp(-Ea/RT) under 

acidic and neutral conditions. 

 Ea A  A 

 kJ·mol-1 mol-1·kg·s-1  s-1 

HReO4 39.1 9.74 × 10-1  - 

NaReO4 54.5 -  7.89 × 10-1 

HCF3SO3 51.5 2.06 × 101  - 

NaCF3SO3 118.2 -  2.52 × 104 

HClO4 34.6 2.82 × 10-1  - 

NaClO4 NAb NAb  NAb 

 

a Arrhenius plots were used to calculate energies using the equation ln k = -Ea/RT + ln A (Figure 

III.S22 to III.S26). When only two temperatures were studied, the equation used was: ln (k2/k1) =  

(-Ea/R)·(1/T1 – 1/T2). 

b Rate constant at only one temperature. 
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ABSTRACT 

The quantitative first and second formation constants of aqueous uranyl sulfate complexes 

were obtained from the Raman spectra of solutions contained in quartz capillary cells at 25 MPa, 

at temperatures ranging from 25 – 375 °C.  Temperature-dependent values of the O=U=O 

vibrational frequencies of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) were derived from the 

high temperature spectra.  Temperature-independent Raman scattering coefficients of UO2
2+(aq) 

were calculated directly from uranyl triflate spectra from 25 – 300 °C, while those of UO2SO4
0(aq) 

and UO2(SO4)2
2-(aq) were derived from spectroscopic data at 25 °C and concentrations calculated 

using the formation constants and Specific Ion Interaction Theory (SIT) activity coefficient model 

reported by Tian and Rao (J. Chem. Thermodyn., 2009, 41, 569 – 574).  Chemical structures and 

vibrational frequencies predicted from Density Functional Theory (Gaussian 09) were employed 

to interpret the Raman spectra.  Values of log K1 and log β2 ranged from (3.07 ± 0.03) and (4.31 ± 

0.12) respectively at 25 °C to (14.55 ± 0.14) and (14.92 ± 0.19) respectively at 375 °C.   

 

 

 

KEYWORDS: Quantitative Raman Spectroscopy; Hydrothermal Solutions; Uranyl Sulfate; 

Formation Constants; Gaussian Calculations. 
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IV.1   Introduction  

The June 2017 report published by the Canadian Government has highlighted several 

recommendations concerning Canadian leadership in the nuclear sector.  One such 

recommendation is to foster innovation, research and development “to build new facilities and 

equipment and/or to advance education and research in areas that benefit the sector’s 

development.”1  One potential design candidate for the development of the next generation of 

nuclear reactors is the Supercritical Water-Cooled Reactor (SCWR),2 whose design features are 

driven by the desire for greater efficiency and lower construction and maintenance costs.  This 

design concept is based on the proven CANDU-6 design,3 but combines the two-loop coolant 

system into a single direct cycle light water heat transfer circuit, while increasing the core outlet 

temperature to 625 °C (and pressure to 25 MPa) to improve thermal efficiency.2, 4  This design 

carries with it several challenges with respect to materials and coolant chemistry.5  First, the 

zirconium alloys currently used in the CANDU-6 fuel cladding become brittle at such high 

temperatures, so that new materials need to be developed whose long-term suitability are unknown, 

making fuel failures a concern.  Second, increasing the temperature and pressure of the coolant to 

these conditions shifts the water from a reducing to oxidizing environment. 

While occasional fuel failures do occur in CANDU-6 reactors, the reducing conditions of 

the coolant, coupled with the very low solubility of UO2(s), keep uranium transport relatively low.  

The oxidizing conditions in the SCWR are a more serious concern due to the extremely high 

solubility of oxidized species of UO2(s), as well as oxides of shorter-lived daughter isotopes from 

uranium fission.  The single loop design of the SCWR means that dissolved species from fuel 

failures has the potential to be transported throughout the entire system.  This can greatly increase 

radiation doses from the coolant housed in reactor components outside the core, which carry 
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significant safety and maintenance concerns.  To compound this issue, several species that would 

be introduced to the reactor coolant loop through condenser leaks, such as SO4
2-(aq), CO3

2-(aq) 

and Cl-(aq), form complexes with UO2
2+(aq).6-13  Furthermore, the phenomenon known as hideout 

chemistry14 can concentrate dissolved species in the coolant inside small crevices in reactor 

materials, which has the potential to create localized hotspots of concentrated uranyl solutions.  

These factors have the potential to create numerous uranyl complexes over a temperature range 

where uranyl chemistry has not been quantitatively explored.  Uranyl sulfate is a particular 

concern, as solutions of UO2SO4 are known to undergo liquid-liquid phase separation at t ≥ 295 

°C,15-17 which can result in extremely concentrated areas of fissile uranium outside the fuel 

bundles.   

Although aqueous uranyl chemistry has been an active area of interest for well over 70 

years, only a few authors11-12, 18-20 have reported quantitative formation constants of UO2
2+(aq) 

complexes with simple anions at elevated temperatures and pressures.  The uranyl ion undergoes 

three equilibrium reactions with sulfate, as shown in Equations (IV.1) – (IV.3), 

UO2
2+(aq) + SO4

2-(aq) ⇌ UO2SO4
0(aq),  

0
2 4

2 2
2 4

1

UO SO

UO SO

a
K

a a 

   (IV.1)  

UO2
2+(aq) + 2SO4

2-(aq) ⇌ UO2(SO4)2
2-(aq),  

2
2 4 2

2 2
2 4

( )

2 2

UO SO

UO SO

a

a a




 

   (IV.2) 

UO2
2+(aq) + 3SO4

2-(aq) ⇌ UO2(SO4)3
4-(aq),  

4
2 4 3

2 2
2 4

( )

3 3

UO SO

UO SO
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Since UO2
2+(aq) forms strong complexes with hydroxide at pH ≥ 3,21 acidic conditions are required 

to investigate Reactions (IV.1) – (IV.3).  Under these conditions, the equilibrium between sulfate 

and bisulfate is also significant:  

HSO4
-(aq) ⇌ H+(aq) + SO4

2-(aq),   
2

4

4

4

H SO

HSO

HSO

a a
K

a

 





   (IV.4) 

Formation constants for Reaction (IV.4) have been measured from 25 – 350 °C, at ionic 

strengths as high as 5 mol·kg-1.22-23  UO2(SO4)3
4-(aq) has been shown to be either a very minor 

species24-25 or undetectable8, 11 from 25 – 70 °C, meaning Reaction (IV.3) is difficult to investigate, 

and is often considered negligible.  The most recent study of Reactions (IV.1) and (IV.2) was by 

Tian and Rao,11 who used UV-vis spectroscopy to deduce K1 and β2 from 25 – 70 °C.  However, 

the recent critical review by the Nuclear Energy Agency currently accepts the 1996 values by 

Geipel et al.25  In both cases, the highest temperature for which quantitative data are reported for 

these reactions is 75 °C.11-12 

 Several authors have investigated hydrated UO2(H2O)n
2+ clusters by both quantum 

chemistry and molecular dynamic simulations, and have obtained structural information and 

Raman frequencies of the symmetric stretching mode of the UO2
2+(aq) ion consistent with 

experimental results.25-27  However, only a handful of authors have investigated 

UO2(SO4)m(H2O)n
2-2m clusters by computational methods.9, 26  Hennig et al.9 and Vallet and 

Grenthe28 derived useful information on the binding geometry of uranyl sulfates (monodentate vs. 

bidentate), but their discussion was focused on the interpretation of EXAFS results, and thus no 

Raman frequencies were reported.  The only Raman frequencies of uranyl sulfate hydrate clusters 

obtained by computational chemistry reported in the literature were those of the O=U=O 
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symmetric stretch of monodentate UO2SO4(H2O)4
0 and bidentate UO2SO4(H2O)3

0
.
29  In addition, 

there is no reported information on any Raman active frequency other than the symmetric O=U=O 

stretch, or any information on Raman scattering cross-sections, and no attempts have been made 

to investigate possible temperature effects on uranyl clusters.   

Recent work from our research laboratory30-31 has demonstrated the potential of using 

Raman techniques for investigating aqueous solutions up to extreme conditions.  However, the 

vibrational frequencies of Raman bands are, in general, temperature dependent.  Furthermore, the 

bands corresponding to the O=U=O stretches of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) 

have considerable overlap, which creates covariance between the fitting parameters defining each 

band during deconvolution, resulting in high standard errors.  For this reason, Raman spectra of 

simplified uranyl systems were first obtained by either chemically isolating the species, or by 

choosing thermodynamic conditions where only a few species coexist.  This allowed for a more 

precise determination of the Raman frequency and band linewidths of the individual uranyl species 

at each individual temperature, whose values can then be held fixed during the deconvolution of a 

Raman spectrum at that same temperature where all three species are present. 

This study set out to explore uranyl sulfate interactions from 25 to 375 °C at 25 MPa by 

experimental Raman techniques, and to measure quantitative formation constants for the 

UO2(SO4)n
2-2n complexes.  Density Functional Theory (DFT) was employed to interpret 

experimental data, and to investigate temperature effects on these systems.  
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IV.2   Experimental Methods 

 IV.2.1   Chemicals and Solution Preparation 

UO2SO4·3H2O(s) (99+%, IBILabs, lot 9C15650) was used without further purification to 

prepare an aqueous 3.201 ± 0.004 mol·kg-1 (molal) stock solution using ultrapure water (Direct 

Q5, Millipore, 18.2 MΩ·cm), which was kept under constant stir.  From this stock, the 12 aqueous 

solutions listed in Table IV.1 were prepared by addition of appropriate amounts of ultrapure water 

and concentrated H2SO4 (99.999%, Sigma Aldrich, Lot SHBD1689V) by mass.   

The UO2SO4 stock solution concentration was standardized by measuring densities of 

diluted stock solutions and comparing them to accurate values reported by Manzurola and 

Apelblat.32  Six solutions ranging from 0.08 – 0.35 mol·kg-1 were prepared by mass from the stock 

solution, and their densities measured using an Anton Parr DMA5000 vibrating tube densimeter 

at ambient pressure P = (0.98 ± 0.01) MPa and 298.15 K.  Solutions were degassed prior to 

injection.  Ultrapure water and a 1.0059 mol·kg-1 NaCl solution were used as separate density 

calibration standards, and were measured at the beginning and end of the standardization 

experiments in order to account for any instrument drift.  The instrument was rinsed with ~100 mL 

of ultrapure water between each injection.  Solution densities were obtained from the experimental 

period of vibration using the relationship  

2 2( )s w P s wk              (IV.5) 

where s , w , s  and w  are the densities (g·cm-3) and periods of vibration (μs) for the solution 

and water, respectively.  The parameter Pk  is the cell constant, calculated from Equation (IV.5) by 

using the periods of vibration and densities of ultrapure water and the 1.0059 mol·kg-1 NaCl 
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calibration standard.  Densities of calibration standards were calculated from Hill's equation of 

state for H2O
33 and Archer's thermodynamic model for the properties of NaCl.34 

A uranyl trifluoromethanesulfonate solution, UO2(CF3SO3)2, was prepared by the complete 

removal of sulfate from UO2SO4(aq), accomplished by the addition of Ba2+(aq) to form insoluble 

BaSO4(s).35  A solution of [0.22 mol·kg-1 Ba(CF3SO3)2 + 2.0 mol·kg-1 HCF3SO3] (99.97% Ba 

basis, Alfa Aesar, Lot K14X005; 99.6%, Sigma Aldrich, Lot MKBQ5293V) was added dropwise 

to a 0.2 mol·kg-1 UO2SO4 solution in order to control the BaSO4(s) particle size,35-38 and was 

analyzed without need for filtration.  A solution filtered through a 22 μm PTFE syringe filter 

provided identical results.  Trifluoromethanesulfonate (or “triflate”) was chosen as a counter-ion 

as it is a non-complexing anion with UO2
2+(aq)39 with well-known aqueous Raman properties,30 

allowing for the determination of the Raman frequency and scattering coefficient of the 

uncomplexed UO2
2+(aq) ion relative to CF3SO3

-(aq). 

Preparing a solution that exhibits a Raman spectra solely associated with UO2SO4
0(aq) or 

UO2(SO4)2
2-(aq) is very difficult, as these species are always in equilibrium with each other.  As 

UO2(SO4)3
4-(aq) is a minor species, increasing the sulfate concentration should result in a solution 

where UO2(SO4)2
2-(aq) is the major species.  Thus, a solution of [0.1 mol·kg-1 UO2SO4 + 0.2 

mol·kg-1 HCF3SO3] was added to solid Na2SO4 (99.99%, Alfa Aesar, Lot H29Z038) to generate a 

concentration of 1.5 mol·kg-1 Na2SO4(aq).  Na2SO4(s) was dried at 110 °C to constant mass before 

use.  However, Na2SO4(s) exhibits a decrease in solubility with increasing temperature,40-41 making 

the analysis of the UO2(SO4)2
2-(aq) species impossible over a wide temperature range.  Thus, the 

methods outlined in Section IV.3.2 were employed to derive the Raman frequencies and scattering 

coefficients of UO2SO4
0(aq) and UO2(SO4)2

2-(aq).  
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Sulfuric acid and triflic acid were both standardized by titration in triplicate using 

tris(hydroxymethyl)aminomethane (TRIS) (>99.9%, Sigma Aldrich, MKBH2024V), which was 

dried at 100 °C for 4 hours before use.   

All solutions were prepared by mass from ultrapure water (Direct Q5, Millipore, 18.2 

MΩ·cm) and stored in sealed Pyrex bottles. 

 

 IV.2.2   Experimental Raman Techniques 

IV.2.2.1   Raman Instrumentation and High Temperature Capillary Cells 

The high-temperature, high-pressure Raman instrumentation used in our laboratory has 

been described in detail in previous publications,30-31 and will only be briefly summarized here. 

Spectra were recorded using a custom-made Horiba Jobin Yvon HR800 LabRAM system 

coupled by fiber-optic cable to an Olympus confocal microprobe.  The instrument is equipped with 

an 800 mm focal length spectrograph, a 532 nm, polarized 250 mW Nd-YAG continuous wave 

laser, an edge filter with a Stokes edge of less than 120 cm-1, a 1024 × 256 pixel CCD detector, a 

1800 line/mm holographic grating, a polarizer, a scrambler, and an adjustable slit entry port with 

widths set to 200 μm.  All spectra were taken through a 20X magnification objective (SLMPLN, 

Olympus) from Raman back-scattered light, with a 15 second acquisition time and 9 total scans to 

reduce noise.  

A Linkam CAP500 stage (Linkam Scientific), designed for use with quartz capillary cells, 

was used for Raman measurements.  The unit contains a silver block heating stage with a 
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removable cover.  The cover has a 1 × 1 × 50 mm square channel milled through it, providing an 

optical window to take Raman spectra.  The CAP500 stage was coupled to a Linkam T95 

temperature controller.  The temperature probe was calibrated by observing the isobaric boiling 

points of water up to 374 oC, which agreed with those from the IAPWS Scientific Formulation for 

the equation of state for water42 to within the manufacturer’s stated accuracy of ± 0.0035 t/oC (± 

1.3 °C at 374 °C).  

 The optical cells used in this study were fused silica capillary tubing (Molex – Polymicro 

Technologies™, LLC) with an inner and outer diameter of 200 and 360 microns, respectively, 

provided from the manufacturer as spools with a protective polyimide layer over the fused silica 

to improve durability.  Following procedures first developed by Chou et al.,43 cells were cut from 

the spool at a length of 15.5 cm, from which 5 cm of the polyimide layer was removed from one 

end by natural gas flame in order to create an optical window.  The cells were then loaded with the 

sample, after which the end stripped of the polyimide layer was sealed with an oxygen-natural gas 

torch.  The open end of the capillary tube was fitted to an ISCO Model 260d HPLC syringe pump 

containing ultrapure water.  Once coupled to the pressure system, the capillary cell was then 

inserted into the Linkam CAP500 stage, pressurized, and subsequently heated to the desired 

temperature.  This experimental design allows for independent pressure and temperature control.  

All solutions investigated here were pressurized to 25.0 MPa.  No mixing of the ultrapure water 

from the ISCO pump with the solutions in question, as indicated by weakening of the Raman 

signal, was observed over several hours, even at high temperature.   
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IV.2.2.2   Quantitative Raman Spectra 

Raman spectra were recorded by collecting light in both parallel and perpendicular 

orientations to the incoming polarized laser light.  This produced separate parallel and 

perpendicular polarized spectra, labelled I||(ṽ) and I(ṽ).  In theory, the isotropic spectrum IIso(ṽ) is 

calculated from the expression44  

  
Iso ||

4
( ) ( ) ( )

3
I I I            (IV.6)  

However, in practice, the factor preceding I(ṽ) is specific to the optics of the instrument 

and must be determined experimentally.  For a 180° back-scatter orientation through our 20X 

objective lens, using the known polarization ratios of CCl4(l) and cyclohexane,45-46 it was 

determined that the factor 4/3 needed to be replaced by 7/6.  IIso(ṽ) has the advantage that it contains 

only Raman bands that correspond to symmetric vibrations – all asymmetric vibrational 

information is removed.  For the spectra of solutions containing multiple solutes, j, each with i 

vibrational bands, the isotropic spectrum is described by the expression:30-31, 47  

    
3 1 1

Iso Instr o i i j i,j

j i

( )  I C B c S               (IV.7)  

where Si,j is the reduced isotropic Raman scattering factor; CInstr is a constant that depends on the 

instrument response, slit-width, collection angle and absorption due to colour; ṽo is the absolute 

frequency of the incident laser (in wavenumber units); and ṽi is the frequency difference of the 

scattered radiation relative to ṽo (i.e., the Raman shift).  B is the Boltzmann distribution for the 

thermal population of low frequency excited states, given by 
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         (IV.8) 

Thus, IIso(ṽ) contains contributions from Rayleigh scattering and the thermal excitation of 

low frequency modes.  To remove these effects, the data treatment in this paper was based on the 

reduced isotropic Raman spectrum RIso(ṽ),  

  
3

Iso Iso o( )R I B    


             (IV.9) 

The reduced isotropic spectra is used for quantitative data treatment because RIso(ṽ) contains peaks 

for the i vibrational bands for a species j that are proportional to the concentration cj, 

  Iso Instr j i,j

j i

( )R C c S            (IV.10) 

where CInstr is the instrument response and Si,j is the Raman scattering factor.  Because RIso(ṽ) 

removes the (ṽo – ṽi)
3ṽi

-1 term and contains no asymmetric vibrational bands, it simplifies the 

baseline subtraction and Raman spectrum considerably. 

The integrated area of each peak, Ai,j, is proportional to the molar concentration cj at all 

temperatures and frequencies through the reduced isotropic Raman scattering coefficient Si,j.  To 

remove solvent expansion effects over a given temperature range, it is convenient to use the 

specific molality mj
* = cj /ρSoln, where ρSoln is the solution density.  This yields the expression  

  
*

i,j i,j j i,j SolnjA S c S m            (IV.11) 
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A non-complexing internal standard (IS) can be added to the solutions investigated by 

Raman spectroscopy.  This quantitatively relates the molality of a species i to the known molality 

of the species IS through Equation (IV.12), if the ratio of the reduced scattering coefficients, i IS/S S

, is known.  

 

1
*

Solni i i i i
i IS*

IS IS IS Soln IS IS

A S m A S
m m

A S m A S







  
     

  
        (IV.12) 

The conversion factor between specific molality and molality cancels out in Equation (IV.12) 

when considering species in the same solution. 

In this study, it was assumed that the Raman scattering coefficients of the uranyl species 

relative to HSO4
-(aq) at 25 °C, derived below, are constant over the experimental temperature 

range investigated.30, 47   

 

IV.2.2.3   Deconvolution of Raman Spectra 

Raman band frequencies and integrated areas were obtained by iterative deconvolution by 

using the curve-fitting program OriginPro v9.0 (OriginLab Corporation) by fitting Voigt functions 

to all bands at a convergence criteria of 10-6 or better.  A linear baseline anchored at the points 700 

and 1300 cm-1 was used for baseline subtraction, as these frequencies contained no signal from the 

species investigated here.  Several of the band parameters were constrained during deconvolution.  

The band positions of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) were held fixed to the values 

derived in Sections IV.3.1 and IV.3.2.  Gaussian and Lorentzian linewidths were constrained to lie 

within the range of the experimentally observed linewidths reported in Sections IV.3.1 and IV.3.2.  
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The band parameters of SO4
2-(aq) and HSO4

-(aq) (both the HO-SO3 and HO(S-O)3 vibrations) 

were held fixed to values determined by Rudolph.48  The Voigt parameters were restricted to 

positive values.  All other parameters were allowed to optimize without constraint. 

  

 IV.2.3   Speciation Calculations and Chemical Equilibrium Models 

In order to calculate the relative Raman scattering coefficients of UO2SO4
0(aq) and 

UO2(SO4)2
2-(aq) in Section IV.3.3, the speciation of the [UO2SO4 + H2SO4] solutions prepared in 

this study were calculated at 25 °C using the formation constants of Reactions (IV.1) and (IV.2) 

determined by Tian and Rao11 and the formation constant of Reaction (IV.3) determined by 

Vopálka et al.13  For consistency with Tian and Rao,11 the activity coefficient model used was the 

Specific Ion Interaction Theory8, 11, 13 (SIT), which describes the activity coefficients γi by the 

expression 

2

log ( , , )
1 1.5

i
i m k

k

z A I
j k I m

I
   


       (IV.13) 

where z is the charge; A is the Debye-Hückel Limiting Slope; I is the ionic strength; and mk the 

molality of species k.  The term ε(j, k, Im) is the ion-ion interaction parameter between species j 

and k, which are in general ionic strength and temperature dependent.  Tian and Rao used NaClO4 

as a supporting electrolyte at a concentration of 1.0 mol·kg-1 to control the ionic strength, and 

uranyl sulfate concentrations ranging from 0.0177 – 0.0708 mol·dm-3.  This allows for the 

simplification of the activity quotient log Qγ = Σγ(products) - Σγ(reactants) of Equations (IV.1) and 

(IV.2) to  
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       (IV.14) 

where Δz2 = Σzi
2(products) - Σzi

2(reactants) = -8, and Δε = Σε(products) - Σε(reactants) = -0.34 ± 

0.07 and -0.34 ± 0.14 for Reactions (IV.1) and (IV.2) respectively.8, 11   

 The software package used for these calculations was PHREEQC Version 2.18.00, with 

the SIT Database Version 9b0.49  The database was edited to include the values of the uranyl sulfate 

formation constants from Refs. 11 and 13.  The interaction parameters in the SIT Database Version 

9b049 are listed in the Supplementary Information, and are identical to those used by Tian and 

Rao11 and by the NEA.8  No additional interaction parameters were added to the database.  

 

 IV.2.4   Density Functional Theory Methods 

Quantum chemical calculations were carried out using the Gaussian 09 package of 

programs.50  The computational method used was Density Function Theory,51 performed with the 

B3LYP52-53 functional and a 6-311+G(d,p) basis set for all atoms except uranium.  Because of the 

high charge of the uranium nucleus, the core electrons of uranium experience relativistic effects, 

and must be modelled using an effective core potential (ECP).  Here, we make use of the 

Stuttgart/Dresden (SDD) MWB6054 basis set for uranium.  Structural optimizations and vibrational 

calculations were all performed at this level.  The grid used for numerical integration of exchange-

correlation energies was ultrafine.    

Solvation effects were modeled by the “cluster-continuum” method,55 which utilizes 

explicit additions of water molecules around the solute molecule to include short-range water 
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complexation and/or hydrogen bonding effects, and surrounds the solute/solvent cluster by a 

dielectric continuum to model long-range polarization effects.  The Integral Equation Formalism 

of the Polarizable Continuum Model (IEFPCM)56 was used as the model for the dielectric 

continuum.   

Complexes were explicitly hydrated by building up structures one ligand at a time.  For 

example, for the complex UO2SO4(H2O)3
0, the structure of UO2SO4

0 was optimized, followed by 

UO2SO4(H2O)0, UO2SO4(H2O)2
0 and finally UO2SO4(H2O)3

0.  Sulfate is capable of both 

monodentate and bidentate coordination, and both structures were considered.  All optimizations 

were confirmed to be at an energy minima by a subsequent vibrational calculation that resulted in 

no imaginary frequencies. 

The modelling of clusters in high temperature water was done by optimization using the 

same IEFPCM solvation model, but while varying the solvent input parameters to reflect the 

changing properties of water with temperature.  The dielectric constant, molar volume and density 

(expressed as molecules·Å3) at 25 MPa were varied from 25 – 300 °C, in 25 °C increments.  All 

values were obtained from the formulations of Wagner and Pruss42 and Fernandez et al.57  

Vibrational calculations were subsequently performed using the readisotopes keyword in Gaussian 

09 using the appropriate temperatures and pressures. 
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IV.3   Experimental Results 

 IV.3.1   Raman Spectra of Uranyl Triflate 

Figure IV.1 displays the Raman spectra of the [UO2(CF3SO3)2 + HCF3SO3] solution taken 

at 25, 100, 200 and 300 °C and 25 MPa.  The four vibrational bands in Figure IV.1 are:  the 

symmetric O=U=O stretch of UO2
2+ (872.2 cm-1 at 25 °C); the (C-F)3 symmetric deformation;  

(S-O)3 symmetric stretch; and (C-F)3 symmetric stretch of CF3SO3
-(aq) (765.7 cm-1, 1034.0 cm-1 

and 1229.5 cm-1 at 25 °C, respectively).  The known temperature-dependence of the band position 

of the (S-O)3 symmetric stretch of CF3SO3
-(aq)30 was used as a calibration standard for the 

frequency of the symmetric stretch of UO2
2+(aq).  The Raman band of UO2

2+(aq) increases from 

872.2 cm-1 to 880.7 cm-1 from 25 – 300 °C, as shown in Table IV.2.  The fitted Voigt functions 

from 25 – 300 °C had Gaussian and Lorentzian full-width-at-half-heights (FWHH) that ranged 

from 3.1 – 5.5 cm-1 and 5.0 – 7.8 cm-1 respectively.  As observed in our previous study,30 at 

temperatures above 300 °C, CF3SO3
-(aq) began to thermally decompose at a rate significant 

enough to cause the integrated areas of the CF3SO3
-(aq) peaks to become unreliable during the 

timeframe of a Raman spectrum acquisition.  

The Raman scattering coefficient 2
2 3 3

/
UO CF SO

S S   was calculated using Equation (IV.12), 

and are plotted in Figure IV.2.  The data shown in Figure IV.2 are from the analysis of an unfiltered 

solution, although a solution filtered through a 22 μm PTFE syringe filter prior to analysis 

produced identical results.  The relative scattering coefficient is nearly temperature independent, 

with an approximately linear decrease of < 10 % from 25 to 300 °C.  For the purposes of this study, 

the scattering coefficient was taken to be the weighted mean value of 2
2 3 3

/
UO CF SO

S S  = 2.43 ± 0.06, 

with the weighting factors equal to the inverse of the variances of the individual measurements.  
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The reported standard uncertainty was taken to be the weighted standard deviation of the mean.  

Using the temperature independent literature values30 of 
3 3 4

/
CF SO ClO

S S   = 0.639 ± 0.015 and 

4 4

/
HSO ClO

S S   = 0.816 ± 0.013 yields a value of 2
2 4

/
UO HSO

S S  = 1.90 ± 0.07.   

 

IV.3.2   Spectra of Uranyl Sulfate Solutions and Temperature Dependence of the 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) Band Positions 

Figures IV.3 – IV.5 display the Raman spectra of [UO2SO4 + H2SO4] solutions at several 

compositions (Solutions 1, 4, 7 and 10 in Table IV.1), and temperatures of 25, 175 and 325 °C, 

respectively.  The observed vibrational bands, listed by their Raman frequencies at 25 °C, are:  the 

(U=O)2 symmetric stretch of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) (872.2, 863.2 and 

854.2 cm-1 respectively), the (S-O)4 symmetric stretch of SO4
2-(aq) (981.5 cm-1), and the (S-O)3 

stretches and S-OH symmetric stretch of HSO4
-(aq) (1051.5 and 893.8 cm-1 respectively).48  A 

low-frequency shoulder off the 1051.5 cm-1 band of HSO4
-(aq) was observed at 1035.8 cm-1, which 

has also been reported in previous Raman investigations of solutions of NH4HSO4(aq)58 and 

H2SO4(aq),59 and is thought to originate from either a hot band of HSO4
-(aq),59 a hydronium-

bisulfate ion pair (H3O
+–HSO4

-, or H5O2
+–HSO4

-),58, 60 or either an overtone or combination 

band.58  In addition, two other bands were observed at 965.9 cm-1 and 990.1 cm-1.   

Wang et al. observed an additional Raman band at 1002 cm-1 in UO2SO4 solutions,17 which 

was not included in our deconvolutions.  This band may very well be present with a low intensity, 

but was not apparent in our spectra due to the significant overlap of other Raman peaks in the 

sulfate region.  The relatively large intensity of the 991.3 cm-1 band at 25 °C may be exaggerated 
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due to the lack of inclusion of a second Raman peak at ~1002 cm-1 in our deconvolution process 

described in Section IV.2.2.3. 

Deconvolutions of the uranyl sulfate spectra at temperatures above 25 °C depend on an 

accurate knowledge of the O=U=O Raman frequencies of UO2SO4
0(aq) and UO2(SO4)2

2-(aq), 

which are only known at 25 °C.10  The deconvolutions shown in Figures IV.4 and IV.5 were 

performed by taking advantage of several characteristics of the uranyl sulfate Raman spectra that 

occur at high temperature.  First, at temperatures of 325 °C and above, the concentration of 

UO2
2+(aq) is negligible, based on the integrated area of the UO2

2+(aq) band being statistically 

insignificant at t ≥ 325 °C for all solutions investigated here, which is also consistent with the high 

temperature findings of Wang et al.17  Second, the separation of the Raman bands of UO2SO4
0(aq) 

and UO2(SO4)2
2-(aq) increases with temperature.17  Lastly, the frequency of the ṽ1(S-OH) 

stretching mode of HSO4
-(aq) shifts downfield as temperature increases, from 894 cm-1 at 25 °C 

to 832 cm-1 at 325 °C.  Thus, at 325 °C, there is good resolution between HSO4
-(aq) and any uranyl 

sulfate band in the spectra.  Therefore, the bands of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) are much 

more clearly resolved at 325 °C and higher temperatures.   

For these reasons, the uranyl region (800 – 900 cm-1) of the Raman spectra obtained at 325 

– 375 °C were deconvoluted by including two unconstrained Voigt peaks, corresponding to 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq), as well as a third peak which was constrained to the Raman 

frequency and FWHH for UO2
2+(aq) using the results in Section IV.3.1.  The deconvolutions 

shown in Figure IV.5 were done in this manner.  The integrated area of the Raman band 

corresponding to the UO2
2+(aq) species was statistically insignificant, implying that the 

concentration of the UO2
2+(aq) ion was negligible.  The fitted Gaussian and Lorentzian linewidths 
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of the Voigt functions for UO2SO4
0(aq) were in the range of 10 – 12 cm-1 and 7.5 – 10 cm-1, 

respectively, while those of UO2(SO4)2
2-(aq) ranged from 5 – 9.5 cm-1 and 16 – 21 cm-1, 

respectively.  The band parameters corresponding to HSO4
-(aq) are well known versus 

temperature.30  All other bands were allowed to optimize without constraint. 

Figure IV.6 shows the temperature dependence of the Raman frequencies of UO2
2+(aq), 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) from 25 – 400 °C.  The values for UO2
2+(aq) were taken from 

the UO2(CF3SO3)2(aq) results listed in Table IV.2.  The Raman frequencies of UO2SO4
0(aq) and 

UO2(SO4)2
2-(aq) were calculated by using the known difference between the vibrational 

frequencies of UO2
2+(aq) and the Raman bands corresponding to UO2SO4

0(aq) and  

(SO4)2
2-(aq) (9 cm-1 and 18 cm-1, respectively).10  The data points for the Raman frequencies of 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) from 325 – 375 °C in Figure IV.6 are a weighted mean obtained 

from independent deconvolutions of the spectra obtained from all 12 solutions listed in Table IV.1.  

The standard uncertainties were taken to be u = (s(ṽ) + 1) cm-1.  Here, s(ṽ) is the standard deviation 

of the mean, and the extra wavenumber was added to account for the resolution of the instrument.  

Table IV.2 lists the experimental values for the Raman frequencies of all three uranyl bands from 

25 – 400 °C.  

The temperature dependence of the Raman frequencies of UO2SO4
0(aq) and UO2(SO4)2

2-

(aq) shown in Figure IV.6 was determined by fitting a linear function to the data point at 25 °C 

and the three data points clustered in a small temperature range 325 – 375 °C.  The mean variation 

between the experimental data and the linear fit for these band positons is ± 0.2 cm-1.  Because the 

temperature dependence of the frequency of the O=U=O stretch of UO2
2+(aq) band is highly linear, 

the temperature dependence of the band positions for UO2SO4
0(aq) and UO2(SO4)2

2-(aq) were also 
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assumed linear between 25 – 325 °C.  The integrated areas of the bands in each spectrum are 

reported in the Supplementary Information. 

 

IV.3.3   Raman Scattering Coefficients of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) 

As noted above, it was not possible to prepare a solution in which either UO2SO4
0(aq) or 

UO2(SO4)2
2-(aq) were present as the predominant species.  Thus, the relative scattering coefficients 

0
2 4 4

/
UO SO HSO

S S   and 2
2 4 2 4( )

/
UO SO HSO

S S   could not be calculated from experimental spectra without 

an accurate knowledge of their concentrations.  For this reason, the concentrations of UO2
2+(aq), 

UO2SO4
0(aq), UO2(SO4)2

2-(aq) and HSO4
-(aq) for the 12 solution concentrations investigated in 

this study were calculated at 25 °C using the formation constants of Tian and Rao11 and Vopálka 

et al.,13 and the SIT activity coefficient model of Tian and Rao.  These calculated concentrations, 

along with the fitted areas of their respective Raman bands, were then used with Equation (IV.12) 

to determine the relative scattering coefficients 2
2 4

/
UO HSO

S S  , 0
2 4 4

/
UO SO HSO

S S   and 

2
2 4 2 4( )

/
UO SO HSO

S S  .   

Figures IV.7 – IV.12 show the results of this analysis.  The x-axis in Figures IV.7 – IV.9 

are the solution composition expressed as the ratio of total sulfate concentration relative to 

uranium, SO4/U, chosen because EXAFS studies on uranyl sulfate solutions have shown that the 

relative concentrations of monodentate or bidentate coordination depends on this ratio.61  The  

x-axis in Figures IV.10 – IV.12 are the ionic strengths of solution, to illustrate any dependence of 

the scattering coefficients on ionic strength.  The error bars shown in Figures IV.7 – IV.12 are 

standard uncertainties, as calculated by the propagation of the standard errors for the integrated 
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areas of each band in the spectra as reported by OriginPro 9.0, and the standard uncertainties in 

solution concentration.  The mean values of the relative Raman scattering coefficients, weighted 

by their inverse variances, are listed in Table IV.3, along with their weighted standard deviations.   

The value 2
2 4

/
UO HSO

S S   = 1.73 ± 0.15 obtained by this method is in agreement with the 

experimental value of 1.90 ± 0.07 from the uranyl triflate measurements reported in Section IV.3.1, 

to within the combined experimental uncertainties.  Figure IV.7 shows that 2
2 4

/
UO HSO

S S   does not 

depend on the ratio SO4/U, which is not surprising as sulfate is not involved in the UO2
2+(aq) ion.  

Figure IV.10 shows that no trend is are observed in 2
2 4

/
UO HSO

S S   versus ionic strength. 

Figure IV.8 shows that 0
2 4 4

/
UO SO HSO

S S   is constant over the range of SO4/U ratios 

investigated here, with a weighted mean value of 3.09 ± 0.13.  Figure IV.11 shows that the trend 

of 0
2 4 4

/
UO SO HSO

S S   versus ionic strength is very weak, and the use of an average value is sufficient 

for our solution conditions.   

The relative Raman scattering coefficient of the disulfate complex 2
2 4 2 4( )

/
UO SO HSO

S S   is 

shown in Figure IV.9 versus SO4/U, and in Figure IV.12 versus ionic strength.  The dashed line in 

Figure IV.9 suggests that the scattering coefficient increases with increasing SO4/U ratio, 

presumably from monodentate to bidentate coordination.  This is contrary to the results of Hennig 

et al.,9, 61-62 whose experimental results show that the UO2(SO4)2
2-(aq) species exists predominately 

as a doubly-bidentate isomer in excess sulfate solutions.  Hennig’s experimental findings are 

substantiated by DFT calculations, which yielded a ΔrG° of +9.2 kJ/mol when shifting from a 

doubly-bidentate coordination to a bidentate/monodentate combination, which results in a 
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Boltzmann distribution consisting of 97.6% doubly-bidentate coordination of UO2(SO4)2
2-(aq) at 

25 °C.  It is also worth mentioning that the SIT activity coefficient model of Tian and Rao was 

limited to an ionic strength of 1 mol·L-1,11 and any trends in Figures IV.10 – IV.12 may be due to 

an extrapolation beyond the conditions of their activity coefficient model. 

The calculation of the formation constants for Reactions (IV.1) and (IV.2) using our 

experimental Raman data from 25 – 375 °C was performed using the weighted mean value of 

2
2 4 2 4( )

/
UO SO HSO

S S   = 14.94 ± 1.14, as opposed to a value that varies with the SO4/U ratio.  This was 

necessary because any dependence of the speciation versus the SO4/U ratio would certainly vary 

with temperature, and the formation constants of Tian and Rao were not available above 70 °C, 

which were required for the speciation calculations described in Section IV.2.3.  The use of an 

average value is further justified from the results of Nguyen-Trung et al.,10 who showed that only 

one O=U=O vibrational band exists for both UO2SO4
0(aq) and UO2(SO4)2

2-(aq).  This implies that 

the O=U=O Raman frequency is insensitive to whether the uranyl sulfate species is bound in a 

monodentate or bidentate fashion, and the integrated areas of the peaks corresponding to 

UO2SO4
0(aq) or UO2(SO4)2

2-(aq) would be a sum of the areas stemming from all possible 

coordination motifs.  Furthermore, the value of 2
2 4 2 4( )

/
UO SO HSO

S S   = 14.94 ± 1.14 is within the 

experimental uncertainties of 11 of the 12 data points in Figures IV.9 and IV.12. 
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IV.4   Computational Results 

IV.4.1   Optimization of Hydrated Uranyl Ion and Uranyl Sulfate Complexes  

The primary solvation sphere in UO2(H2O)n
2+ clusters was found, in all cases, to result in 

ligand coordination to the central U atom in a plane bisecting the linear O=U=O structure.  All 

attempts to place ligands near the oxygen atoms of UO2
2+ resulted in migration towards this plane, 

with no hydrogen bonding of water to the uranyl oxygen atoms.  To determine the structure of the 

sulfate complexes, H2O and SO4
2- ligands were placed sequentially until the last ligand was forced 

out of the primary solvation sphere, and into the secondary sphere.  Structures with any ligands in 

the secondary solvation sphere were disregarded, as the focus was only on the primary solvation 

sphere at the interest of computational cost.  This resulted in a maximum coordination number of 

5 – 6, depending on the cluster considered.  Only clusters with full primary solvation spheres will 

be discussed in detail.  Figures IV.13 – IV.16 show the structural representations of the most 

hydrated species that are expected to be in solution according to previous literature results.9, 61-62 

These are UO2(H2O)5
2+, monodentate UO2(H2O)4SO4

0, bidentate UO2(H2O)3SO4
0 and doubly 

bidentate UO2(H2O)(SO4)2
2-.  Table IV.4 reports the bond lengths and angles found by this 

computational method as well as experimental and computational values determined by other 

authors. 

Structures of UO2HSO4
+ were also optimized in order to investigate the possibility of this 

ion pair being present in our Raman spectra.  Both monodentate and bidentate coordinations were 

considered, as well as both structures of UO2HSO4
+ where the proton bound to the oxygen atom 

of the sulfate ligand was coordinated or uncoordinated to the U atom.  UO2(HSO4)2
0 was not 

considered, nor were explicit H2O molecules, in the interest of computational cost. 
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IV.4.2   Optimized Structures of Uranyl Hydrates  

Hydrated clusters of UO2(H2O)n
2+ were optimized up to n = 5, as n = 6 caused a water 

molecule to be rejected to the secondary solvation sphere.  The predicted structure of UO2(H2O)5
2+ 

is consistent with the experimental results of Hennig et al.9 and computational results by Austin et 

al.63  The H-O-H atomic plane of symmetry was found to be parallel to the O=U=O rotational axis 

for n = 1 – 4, while n = 5 contained one water rotated 90° relative to the other four (Figure IV.13).  

Water molecules were not found to maximize the distance between themselves, with clusters 

averaging a H2O··U··OH2 angle of 98.9, 73.4, and 75.7 for n = 2, 3 and 4 respectively, where n = 

5 had water molecules evenly spread around the U atom.  Optimization of the UO2(H2O)5
2+ cluster 

produced a U=O bond length of 1.75 Å and average U···H2O distance of 2.47 Å.  Table IV.4 

compares predicted bond lengths and angles to experimental results. 

 

IV.4.3   Optimized Structures of Hydrated Uranyl Sulfates and Uranyl Bisulfate 

UO2(H2O)nSO4
0 was optimized up to n = 4 for monodentate coordination, and n = 3 for 

bidentate coordination.  For monodentate UO2(H2O)4SO4
0, two of the waters’ H-O-H plane of 

symmetry remained parallel to the O=U=O rotational axis, while the two waters nearest to the 

sulfate groups rotated in order to hydrogen bond to an oxygen atom of sulfate that was 

uncoordinated to U, as shown in Figure IV.14.  For bidentate UO2(H2O)3SO4
0, the waters nearest 

to sulfate were also found to rotate 90° towards the sulfate oxygens in order to form a hydrogen 

bond (Figure IV.15).   
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UO2(H2O)n(SO4)2
2- was optimized up to n = 2 for doubly-bidentate coordination, n = 3 for 

doubly-monodentate coordination, and n = 2 for a mono/bidentate combination.  Doubly bidentate 

UO2(H2O)(SO4)2
2- had the  H-O-H plane of symmetry of water parallel to the O=U=O rotational 

axis (Figure IV.16).  The waters in doubly bidentate UO2(H2O)2(SO4)2
2- were rotated 90°, with the 

entire complex displaying C2V symmetry.  The mixed monodentate/bidentate structure 

UO2(H2O)2(SO4)2
2-  had one water rotated to hydrogen bond to the monodentate sulfate ligand, 

which caused the U··O··S angle to bend from 180 to 143°.  Doubly-monodentate 

UO2(H2O)3(SO4)2
2- had one water molecule hydrogen bonding to each sulfate, again bending the 

U··O··S angle to an average value of 144°.   

The uranyl sulfate structures presented here are consistent with the experimental findings 

of Hennig et al.,9 and pertinent bond distances and angles are compared to corresponding literature 

values in Table IV.4. 

 

IV.4.4   Relative Stability of Monodentate and Bidentate Coordination of 

UO2(H2O)nSO4
0 and UO2(H2O)n(SO4)2

2- Clusters 

The difference in energy between monodentate and bidentate coordination can be 

calculated directly from the optimized structures via their electronic and vibrational energies, with 

careful consideration of the water molecules involved.  Switching from monodentate to bidentate 

coordination in general forces a water molecule from the primary solvation sphere (i.e. Equations 

IV.15 – IV.17), and the solvation properties of this rejected water molecule must be considered 

separately.  Since no structures with a secondary solvation sphere were considered, the most 

accurate way to calculate the energy of these rejected water molecules is to consider them part of 
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the bulk solvent.  As an estimation of the bulk solvent, a cluster of ten water molecules was 

optimized to simulate bulk water, and one-tenth of the electronic and vibrational energies of this 

cluster was used as the energy of these rejected water molecules.  Calculations were also performed 

with an isolated H2O molecule, for comparison. 

 UO2(H2O)4SO4
0 (mono) ⇌ UO2(H2O)3SO4

0 (bi) + 0.1(H2O)10   (IV.15) 

UO2(H2O)3(SO4)2
2- (mono) ⇌ UO2(H2O)2(SO4)2

2- (mono + bi) + 0.1(H2O)10 (IV.16) 

UO2(H2O)2(SO4)2
2- (mono + bi) ⇌ UO2(H2O)(SO4)2

2- (bi)  + 0.1(H2O)10  (IV.17) 

For Reaction (IV.15), ΔrH° = +3.8 kJ·mol-1, ΔrS° = +12.5 J·mol-1·K-1, and ΔrG° = +0.1 

kJ·mol-1 (+19.2 kJ·mol-1, +123.1 J·mol-1·K-1 and -17.5 kJ·mol-1 when considering an isolated 

H2O).  The value of ΔrG° implies that at 25 °C, monodentate and bidentate coordination are 

energetically equal for UO2SO4
0(aq), and it would therefore expect UO2SO4

0(aq) to be near to a 

1:1 mixture of monodentate and bidentate speciation.  Since ΔrS° is positive regardless of how the 

rejected H2O molecule is considered, ΔrG would become more negative at high temperature, 

meaning bidentate coordination should become increasingly favoured at high temperature.   

For Reactions (IV.16) and (IV.17), ΔrG° = -11.4 kJ·mol-1 and -5.8 kJ·mol-1 respectively 

(and -29.1 kJ·mol-1 and -23.4 kJ·mol-1 for each reaction when considering an isolated H2O), 

showing that stepwise bidentate coordinate is in general favoured for UO2(SO4)2
2-(aq).  

Furthermore, ΔrS° = +28.5 J·mol-1·K-1 for Reaction (IV.16), and +41.6 J·mol-1·K-1 for Reaction 

(IV.17) (+139.1 J·mol-1·K-1 and +152.2 J·mol-1·K-1 when considering an isolated H2O), again 

meaning bidentate coordination should become even more increasingly favoured at high 

temperature.   
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IV.4.5   Raman Active Vibrational Frequencies of Uranyl Clusters 

Table IV.5 summarizes the corresponding O=U=O Raman vibrational frequencies and 

Raman scattering activities for the uranyl hydrates and uranyl sulfate hydrates investigated in this 

study. 

The UO2(H2O)5
2+ structure exhibits no symmetric Raman active bands in the 700 – 1300 

cm-1 window except the one strong O=U=O stretch at 915.2 cm-1, making UO2
2+(aq) a simple 

species to characterize.  However, the Raman frequency of UO2(H2O)5
2+ is overestimated by 43 

cm-1 by the computational method.  In general, vibrational frequencies were found to decrease as 

n increased, but there was no value of n where the addition of another water molecule did not affect 

the Raman vibrational frequency.  This suggests a need to expand beyond the primary solvation 

sphere to effectively model the solvents influence on the Raman frequency of the UO2
2+(aq) ion.  

The O=U=O symmetric stretch of monodentate UO2(H2O)4SO4
0 is downfield from 

UO2(H2O)5
2+, which is consistent with the experimental results of Nguyen-Trung et al., who found 

that sulfate coordination reduces the uranyl vibrational frequency.10  However, the predicted 

magnitude of the shift of the Raman frequency, from 915.2 to 875.0 cm-1, is exaggerated by the 

computational method used here.  In addition to the O=U=O band, the sulfate group of 

monodentate UO2(H2O)4SO4
0 exhibits an (S-O)3 stretch at 952.9 cm-1 stemming from symmetric 

stretching of the S-O bonds for oxygens uncoordinated to uranium, as well as an S-O stretch at 

776.2 cm-1 by the remaining oxygen atom.  Bidentate UO2(H2O)4SO4
0 exhibits an O=U=O stretch 

at 863.6 cm-1, as well as an (S-O)2 stretch at 1092.5 cm-1 for the oxygens uncoordinated to uranium.  

All other modes are either weak, asymmetric, or both.  The uranyl vibrational frequencies for 

uranyl sulfate complexes were nearly insensitive to water addition, suggesting that hydrogen 
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bonding to UO2SO4
0 is significantly weaker than that of UO2

2+(aq), as expected due to the 

difference in charge. 

 Doubly bidentate UO2(H2O)2(SO4)2
2- exhibits its O=U=O stretch at 834.6 cm-1, further 

downfield from UO2SO4
0 but again exaggerated compared to experimental results.  An (S-O)2 

stretch for the oxygens uncoordinated to U is again observed, at 1083.5 cm-1.  The other isomers 

of UO2(SO4)2
2-(aq) exhibit similar vibrational bands as seen above for UO2SO4

0: for doubly 

monodentate coordination, the (S-O)3 stretch was seen at 940.2 cm-1, and the S-O stretch at 794.2 

cm-1.  For a monodentate/bidentate combination, the monodentate S-O and (S-O)3 stretches were 

at 790.2 cm-1 and 938.8 cm-1, and bidentate (S-O)2 stretch was at 1082.6 cm-1.  The O=U=O 

vibrational frequency of UO2(H2O)n(SO4)2
2- were in general insensitive to water addition, again 

suggesting that water coordination to the uranium atom of UO2(SO4)2
2-(aq) is weak.   

The monodentate cluster of UO2HSO4
+ would not converge when the proton of HSO4

- was 

bound to the oxygen atom nearest the U atom.  The other isomer of monodentate UO2HSO4
+ 

exhibited a O=U=O stretch at 876.5 cm-1, and the only other symmetric stretches in the 700 – 1200 

cm-1 range were a S-OH stretch at 743.0 cm-1, (S-O)2 stretch at 1102.2 cm-1, and a very weak O-H 

wagging mode at 1168.2 cm-1.   

Bidentate UO2HSO4
+, with the proton nearest the U atom, exhibited a O=U=O stretch at 

892.8 cm-1, an (S-O)3 stretch at 929.3 cm-1, an S-OH stretch at 657.1 cm-1, and a (S-O)2 stretch at 

1158.9 cm-1.   The other isomer of bidentate UO2HSO4
+ exhibited a O=U=O stretch at 893.8  

cm-1, an (S-O)3 stretch at 967.3 cm-1, an S-OH stretch at 780.4 cm-1, and an S-O stretch at 1158.9  

cm-1.   Not surprisingly, this structure was determined to have a Gibbs Free Energy that was 11.9  

kJ·mol-1 lower than the isomer with the proton nearest the U atom.  The lowest energy bidentate 
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structure was also determined to be 12.9 kJ·mol-1 lower in Gibbs Free Energy compared to 

monodentate coordination.   

 

IV.4.6   Interpretation of Raman Spectra 

There already exists strong experimental evidence for the Raman bands corresponding to 

the O=U=O symmetric stretch of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq),10  as well as the 

(S-O)4 symmetric stretch of SO4
2-(aq), and both the (S-O)3 and S-OH stretches of HSO4

-(aq).48  

Assignment of those Raman bands in our experimental spectra was straightforward.  The 

experimental spectra shown in Figures IV.3 – IV.5 exhibit additional bands in the sulfate region 

at 965.9 cm-1, 990.1 cm-1, 1035.8 cm-1 and 1148.6 cm-1.   

The results of Section IV.4.5 show that the 965.9 cm-1 band is best assigned to an (S-O)3 

stretch of sulfate involved in monodentate coordination in either UO2SO4
0 or UO2(SO4)2

2-.  Figures 

IV.3 – IV.5 also show that the intensity of this band decreases with increasing temperature.  The 

calculated values of ΔrG° for the equilibrium between monodentate and bidentate coordination in 

Section IV.4.4 predict that monodentate coordination would become unfavoured at high 

temperatures, which is further evidence that this band likely stems from sulfate bound to the uranyl 

ion in a monodentate fashion.  There is no experimental evidence for the monodentate S-O stretch 

(the oxygen coordinated to U) predicted by the computational results at ~760 cm-1.  Although the 

computational intensities of this S-O stretch are strong for some of the optimized uranyl sulfate 

hydrate clusters, several cluster configurations exhibit this S-O stretch as both weak and 

asymmetric (depolarized).  The lack of experimental evidence for this vibrational band is not 

surprising. 
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As mentioned above, the band at 1035.8 cm-1 has been observed in previous studies on 

NH4HSO4 or H2SO4 solutions, and is thought to originate from either a hot band of HSO4
-(aq),59 a 

hydronium-bisulfate ion pair (H3O
+–HSO4

-, or H5O2
+–HSO4

-),58, 60 or an overtone or combination 

band.58  The ratio of the integrated areas of this low-frequency shoulder of HSO4
-(aq) relative to 

the fundamental (1051.5 cm-1) in NH4HSO4 solutions was reported to be consistently 0.18:1 over 

a wide range of pH.64  The deconvolutions of our [UO2SO4 + H2SO4] solutions resulted in the 

much larger ratio of (0.73 ± 0.13):1, and we must conclude that this band is strongly influenced by 

the presence of the uranyl ion.  Referring to the computational work in Section IV.4.5, the 1035.8 

cm-1 band is best matched by the 1086.2 cm-1 (S-O)2 stretch of sulfate involved in bidentate 

coordination in either UO2SO4
0 or UO2(SO4)2

2-.  Although the computationally predicted value is 

~50 cm-1 too large, no other unaccounted Raman peaks exist at higher frequencies.   

The band at 991.3 cm-1 has been observed in previous studies on uranyl sulfate solutions 

by Wang et al. (~992 cm-1), although their deconvolutions had an accompanying second band at 

~1002 cm-1.  These two bands were assumed to stem from contact ion pairs and triple ion pairs, 

respectively, from comparison with similar studies on MgSO4 solutions.  As reasoned above, our 

DFT results suggest that S-O vibrational frequencies from uranyl sulfate contact ion pairs are 

responsible for the 965.9 cm-1 and 1035.8 cm-1 Raman bands, and that S-O contact ion pair bands 

would not lie in this range.  The presence of solvent separated, solvent-solvent separated or triple 

ion pairs, however, cannot be ruled out.  The relatively large intensity of the this band may be 

exaggerated due to the lack of inclusion of a second Raman peak at ~1002 cm-1, as done by Wang 

et al.17 

Previous studies have observed a broad band at 1122 cm-1 in saturated solutions of 

Li2SO4,
59 and a similar broad band at 1192 cm-1 in saturated solutions of NH4HSO4.

58-59  We 
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speculate that the broad band observed in our experimental spectra at 1148.6 cm-1 is a combination 

of the bands previously observed in these published Raman spectra of SO4
2-(aq) and HSO4

-(aq).  

Dawson et al. observed that the 1192 cm-1 band was nearly fully asymmetric (depolarized), and 

assigned it to an asymmetric (S-O)3 stretch of HSO4
-(aq).58  In our experimental spectra, a 

significant portion of the 1148.6 cm-1 band was polarized, so that it remained in the reduced 

isotropic spectra.  It is also possible that the 1148.6 cm-1 band is a combination, overtone or hot-

band originating from low-frequency modes of HSO4
-(aq) (located at 425 cm-1 and 593 cm-1)59 or 

SO4
2-(aq) (450 cm-1 and 610 cm-1).59  Since this band is broad, weak, and most likely a combination 

of several overlapping bands, it was not used for quantitative analysis.   

Lastly, the computationally predicted Raman bands of UO2HSO4
+ are not unique, in that 

they approximately overlap with those already predicted for HSO4
-, UO2SO4

0 and UO2(SO4)2
2-.  In 

addition, Nguyen-Trung et al.10 report that the O=U=O vibrational frequency is invariant in uranyl 

solutions with HSO4
-/UO2

2+ ratios up to 100, indicating that the UO2HSO4
+(aq) complex is very 

weak at 25 °C.  Furthermore, as temperature increases, HSO4
-(aq) tends to behaves as a non-

complexing anion.30  Although the presence of UO2HSO4
+(aq) cannot be ruled out, any significant 

concentration of the UO2HSO4
+(aq) complex is unlikely. 

Table IV.7 summarizes our band assignments for the Raman spectra obtained in this study. 

 

IV.4.7   Relative Raman Scattering Coefficients of Uranyl Clusters 

 The experiments presented here make use of the reduced isotropic spectra, which results 

in a Raman spectra with integrated areas that are directly proportional to the Raman scattering 
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cross sections produced from DFT calculations.  Thus, relative Raman scattering coefficients can 

be directly calculated from the Gaussian 09 output because any proportionality constant cancels 

out in the ratio. 

 To test the ability of this computational method to accurately predict relative Raman 

scattering coefficients, the Raman vibrational properties of the non-complexing reference ions 

CF3SO3
-, ClO4

-, ReO4
- and HSO4

- were all calculated with no explicit hydrating waters, and with 

the IEFPCM solvation model with the corresponding dielectric constant, molar volume and density 

of water at 25 °C.  These were compared to the experimental results of Applegarth et al.30  

4 4

/
ReO ClO

S S   and 
3 3 4

/
CF SO ClO

S S   (both the S-O3 and C-F3 stretch of triflate) were calculated to be 

1.776, 0.658 and 0.160 respectively, yielding agreement to within 0.3%, 1.4% and 2.9% of 

experimental results.  The accuracy of these results confirms that the computational method 

employed in this study can predict relative Raman scattering coefficients, at least for non-

complexing reference ions.   

4 4

/
HSO ClO

S S   was also calculated, with a computational result of 0.700, 14.2% off from 

experimental results.  The relative uncertainty of the scattering coefficient involving HSO4
- is of 

some concern, but certainly within reason with any computational method.  The fact that HSO4
- is 

a weak acid in room temperature water may account for the discrepancy between computational 

and experimental results; the dipole moment of HSO4
- may be interacting with the polarizable 

continuum of IEFPCM much more strongly than the other non-complexing anions.  In addition, 

the computationally predicted vibrational frequencies of HSO4
- are fairly far off from experimental 

values.  The addition of explicit water molecules to HSO4
- may offer a more realistic structure for 
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HSO4
-(aq), and thus a more accurate Raman scattering activity.  This was not attempted here as 

the computational results are still within reason.   

 Gaussian calculations were performed for the most hydrated species listed in Table IV.5, 

and were used to calculate the Raman scattering coefficients of each uranyl species relative to the 

ṽ1(S-O3) vibrational modes of triflate and bisulfate.  These results are listed in Table IV.6.  The 

computational scattering coefficient 2
2 4

/
UO HSO

S S   is only 3.7% lower than experimental results.  

However, the experimental value of 0
2 4 4

/
UO SO HSO

S S   is higher than those predicted computationally 

(45.0% or 5.5% for monodentate and bidentate coordination), while that of 2
2 4 2 4( )

/
UO SO HSO

S S   is 

over 3 times larger than the computational result.  The computational results clearly diverge more 

from experimental results as the number of sulfate ligands increases.  It is likely that neglecting 

the explicit secondary solvation sphere, specifically around the uncoordinated oxygens of sulfate, 

is producing inaccurate Raman scattering activities.   

 To model the temperature dependence of the relative Raman scattering coefficients of the 

species listed in Table IV.6, optimizations of the species listed in Table IV.6, as well as HSO4
-, 

were performed from 25 – 300 °C, in 25 °C increments, and the relative Raman scattering 

coefficients were calculated at each temperature.  In all cases, the relative Raman scattering 

coefficients were found to be either completely temperature independent, or to incur a very minor 

change from 25 – 300 °C.  The largest deviations observed were an 8% increase for the doubly 

monodentate isomer of 0
2 4 4

/
UO SO HSO

S S  , and a 13% increase in the monodentate isomer of 

0
2 4 4

/
UO SO HSO

S S   from 25 to 300 °C.  All other values were found to be independent of temperature, 

with a standard deviation of 1.3% or less.  This provides reasonable evidence that the relative 
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Raman scattering coefficients have little variation with temperature, and can be considered 

temperature independent.   

 

IV.5   First and Second Uranyl Sulfate Formation Constants 

  IV.5.1   Methodology for Calculation of Formation Constants  

Knowledge of the scattering coefficient of all the uranyl species in solution relative to the 

same anion allows for the determination of the concentration of each uranyl species according to 

the following analysis.  Since the experiments were performed under acidic conditions in order to 

suppress uranyl hydroxide formation,18, 20-21, 65-66 the formal concentration of uranium 
ST

Um , 

neglecting the minor species UO2(SO4)3
4-(aq), can be defined as follows: 

 2 0 2
2 2 4 2 4 2

ST

( )U UO UO SO UO SO
m m m m           (IV.18) 

The fractional speciation of uranium in solution present as the complexes UO2
2+(aq), UO2SO4

0(aq) 

and UO2(SO4)2
2-(aq) are defined by the expressions 2

2

ST

UUO
m m  , 0

2 4

ST

UUO SO
m m  and 

2
2 4 2( )

ST

UUO SO
m m  , where α, β and γ are: 
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From Equation (IV.12), the molality of species i is 

4

4 4

1

HSOi
i i

HSO HSO

mS
m A

S A



 



   
   
   
   

        (IV.22) 

Substituting Equation (IV.22) for each of the three uranyl species into Equations (IV.19), (IV.20) 

and (IV.21) yields  
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where the term 
4 4

/
HSO HSO

m A   cancels out.    
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As seen in Figures IV.3 – IV.5, SO4
2-(aq) is also present as a minor species, due to the 

hydrolysis reaction to form HSO4
-(aq), which becomes dominant at elevated temperatures.22-23  

Furthermore, the Raman band of SO4
2-(aq) is flanked on both sides by other overlapping 

vibrational bands.  Using the integrated areas of SO4
2-(aq) from the deconvoluted spectra yielded 

significant uncertainty in the calculated molality of SO4
2-(aq).  Thus, the molality of SO4

2-(aq) was 

determined in the following manner.   

(i) The molality of UO2SO4
0(aq) as determined by Equation (IV.24) was used to calculate 

the molality of HSO4
-(aq) from the relationship  

4 4

0
4 2 4

0 0
2 4 2 4

1

HSO HSO

HSO UO SO

UO SO UO SO

A S
m m

A S

 





  
  
  
  

      (IV.26) 

The band corresponding to UO2SO4
0(aq) was chosen because it was consistently the largest 

peak with the smallest uncertainty.  
4HSO

A   in Equation (IV.26) is the integrated area of the 1051.5 

cm-1 band alone.  Although previous authors58-59 have shown that the sum of the integrated areas 

of the 1035.8 cm-1 and 1051.5 cm-1 bands is directly proportional to the concentration of  

HSO4
-(aq), their results are from solutions of NH4HSO4 and H2SO4.  As explained in Section 

IV.4.6, the area of the 1035.8 cm-1 in uranyl sulfate solutions contains large contributions from 

uranyl sulfate ion pairs, and therefore cannot be used to calculate the concentration of HSO4
-(aq).   

(ii) Because H2SO4 is completely dissociated, the molality of H+(aq) can be calculated from 

the expression   

2 4 4

ST2 H SO HSO H
m m m           (IV.27) 
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where 
2 4

ST

H SOm  is the stochiometric concentration of H2SO4.   

(iii) The concentration of SO4
2-(aq) was then calculated from the second dissociation 

constant of H2SO4, which is well known versus temperature (25 – 350 °C) and ionic strength (0.5 

– 4.8 mol·kg-1).22-23  Thus, the concentration of SO4
2-(aq) is:  

4 4

2
4

2
4 4

1HSO HSO

SO

H SO H HSO

m
m

m K



 

 



   

        (IV.28) 

As noted above, the calculation of the molality of SO4
2-(aq) via Equations (IV.26) – 

(IV.28), in lieu of using the integrated area of the SO4
2-(aq) band or a charge balance or mass 

balance, results in a self-consistent value for the molality of SO4
2-(aq) with an uncertainty that is 

an order of magnitude smaller. 

Because all activity coefficients models depend on the ionic strength, and SO4
2-(aq) 

contributes to the ionic strength, an iterative process was required to solve Equation (IV.28).  First, 

the ionic strength was estimated from the calculated molalities of UO2
2+(aq), UO2(SO4)2

2-(aq), 

H+(aq) and HSO4
-(aq).  The molality of SO4

2-(aq) was then calculated by Equation (IV.28), and a 

new value of the ionic strength was calculated which included the contribution from SO4
2-(aq).  

This process was iterated until the ionic strength converged to within 0.001 mol·kg-1. 

The integrated areas from the deconvoluted Raman spectra, the concentrations of 

UO2
2+(aq), UO2SO4

0(aq), UO2(SO4)2
2-(aq), HSO4

-(aq) and H+(aq) obtained by this method, and 

those of SO4
2-(aq) obtained using the SIT activity coefficient model are tabulated in the 

Supplementary Information. 
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IV.5.2   Choice of Activity Coefficient Models for Calculating the Concentration of 

Aqueous Sulfate, and the Formation Constants K1 and β2 

Because our experimental data set contains several species over a wide range of 

temperatures and ionic strengths, we require a simple activity coefficient model to calculate the 

concentration of SO4
2-(aq) as well as the formation constants of Reactions (IV.1) and (IV.2) at zero 

ionic strength.   

The first activity coefficient model applied was the SIT model reported by Tian and Rao, 

applied at the high temperatures and high ionic strengths reported in this study.11  Tian and Rao 

assumed that Δε was invariant from 25 – 70 °C; here it is assumed that the same temperature 

independence is valid up to 375 °C.  For Reaction (IV.4), a Δε parameter of -0.27 was derived by 

minimizing the difference between the ionic strength dependence of the experimental data11 and 

that of Equation (IV.13) for an ionic strength range of 0 – 1 mol·kg-1.  The temperature dependent 

Debye-Hückel parameters A used in the SIT model are listed in Ref. 8. 

However, Raman is an inherently weak experimental technique with respect to the number 

of Raman photons produced, which requires much higher uranyl concentrations than those used 

by Tian and Rao.  Under these solution concentrations, it is impossible to use a supporting 

electrolyte that controls the ionic strength.  Moreover, the interaction parameters in Equation 

(IV.14) are temperature dependent.  Thus, the assumption of the validity of Equation (IV.14) to 

the temperatures investigated in this study may not hold.  For this reason, three other activity 

coefficient models were chosen to fit the high temperature speciation results of this study.   
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The second activity coefficient model was that of Marshall and Jones,23 who used the 

activity coefficient model shown in Equation (IV.29) to fit temperature-dependent solubility data 

for CaSO4 to 350 °C,  

2log( )
1

i

k

A I
z

A I
  


        (IV.29) 

where Ak is a temperature-dependent term.  The fitted values for Ak, and the temperature-dependent 

Debye-Hückel slopes A used by Marshall and Jones are listed in Ref. 23.  This model was 

successful in describing the solubility product and ionic strength dependence of Reaction (IV.4) 

from temperatures of 25 – 350 °C and ionic strengths of 0 – 5.5 mol·kg-1.  

The last two activity coefficient models assume that the activity coefficient of singly 

charged species is equal to that of the values of NaCl, as shown in Equation (IV.30). 

 2log logi NaClz            (IV.30) 

The first of these was developed by the Electric Power Research Institute (EPRI) and used in the 

software package MULTEQ.  The values of γNaCl are based on the Meissner Equation67 and the 

data treatment of Lindsay.68  The Debye-Hückel slopes are calculated from a polynomial fit versus 

temperature.68  The second model makes use of values of γNaCl calculated from the equation of 

state for NaCl by Archer,34, 69 which is based on critically evaluated data over the range 0 – 300 

°C, and uses the temperature dependent Debye-Hückel slopes of Bradley and Pitzer.70   
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IV.5.3   First and Second Formation Constants 

The first and second formation cumulative constants log K1 and log β2 are listed in Tables 

IV.8 and IV.9, and plotted in Figures IV.17 and IV.18 respectively, for all four activity coefficient 

models considered here.  Each data point is the weighted average of values obtained for all 12 

solutions investigated, and uncertainties are the standard deviation of the mean.  It is difficult to 

discern between all four sets of data because the data points overlap significantly.  Also shown in 

these figures are the experimental data of Tian and Rao,11 with a linear extrapolation of their data 

according to the Van’t Hoff Equation.   

The density model of Anderson et al.71 has been often used to represent ionization and 

formation constants over a wide range of thermodynamic conditions.  The model takes the form  

 2
log log ,25MPa

c e
K a bT d T

T T


 
      

 
     (IV.31) 

where a, b, c d and e are fitting parameters, and ρ(T, 25 MPa) is the density of water versus 

temperature, at 25 MPa.  Table IV.10 lists the parameters from fitting the model to the formation 

constants of Tian and Rao at 25 – 70 °C,11 and the formation constants obtained using the activity 

coefficient model of Marshall and Jones from 125 – 350 °C.23  The fitted density model is plotted 

as a curved solid black line in Figures IV.17 and IV.18.  Figures IV.19 and IV.20 show the 

deviation of the fits of Equation (IV.31) to the experimental data for log K1 and log β2, respectively. 
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IV.6   Discussion 

 IV.6.1   Discussion of Experimental Results 

This study has measured the Raman O=U=O vibrational frequencies of UO2
2+(aq), 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) from 25 – 375 °C, as well as their Raman scattering coefficients 

relative to HSO4
-(aq) at 25 °C.  These values were required for the subsequent calculation of the 

first and second formation constants of the uranyl ion with sulfate.  As a result, the accuracy of the 

formation constants presented here depends on both the accuracy of the integrated areas of each 

band and the assumption that the relative scattering coefficients of the three uranyl species are 

independent of temperature.  

UO2
2+(aq) was chemically isolated in the uranyl triflate spectra, and thus its Raman band 

shape and relative scattering coefficient are known to very high accuracy from 25 – 300 °C.  The 

value of ṽ1(UO2
2+) of 872.2 ± 1.1 cm-1 at 25 °C is in agreement with literature values.10, 65, 72  The 

slight temperature dependence of ṽ1(UO2
2+) is qualitatively consistent with the only other high 

temperature Raman study in the literature.17  Extrapolation of the band position of UO2
2+(aq) up 

to 375 °C is likely to result in minimal error due to the well-defined linear behaviour of the O=U=O 

vibrational stretch from 25 – 300 °C.  The value of the scattering coefficient of UO2
2+(aq) relative 

to CF3SO3
-(aq) varies very little with temperature, and our use of the average value of 2.43 ± 0.06 

over all temperatures introduces negligible uncertainty, especially at high temperatures where 

UO2
2+(aq) is either a minor species or undetectable in solution.17 

Although the individual Raman scattering activities of UO2(H2O)5
2+ and CF3SO3

- obtained 

by quantum chemical calculation show a decrease versus temperature, the relative scattering 

coefficient remains constant, and consistent with experimental results.  The experimentally 
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observed decrease of 2
2 3 3

/
UO CF SO

S S   from 25 to 300 °C is likely due to a minor structural change 

in UO2
2+(aq), and the breakdown of the hydrogen bonding structure of water at high temperatures 

offers a plausible explanation.  The average coordination number of water is believed to decrease 

from four at 25 °C to dimers and small clusters at high temperatures.73  The weakening water-

water interaction makes the interaction of the dipole of water to that of the uranium atom in UO2
2+ 

increasingly favourable, meaning the hydration number of UO2
2+(aq) would not decrease at high 

temperature, at least in the primary solvation sphere.  However, the secondary and tertiary 

solvation spheres of UO2
2+(aq) experience a much lower effective charge from the ion due to the 

increased interatomic distance as well as shielding from the primary solvation sphere.  Thus, 

solvation spheres beyond the primary are far more likely to break down as temperature increases, 

which would cause a minor solvent effect on the Raman scattering activity of UO2
2+(aq) versus 

tempreature  Furthermore, the computational results in Table IV.5 show that a decrease in 

solvation increases the O=U=O vibrational frequency of UO2
2+(aq), while decreasing its Raman 

scattering activity.  Experimentally, the O=U=O frequency of UO2
2+(aq) increases with 

temperature, suggesting a minor decrease in water solvation, consistent with the minor decrease in 

the Raman scattering coefficient of UO2
2+(aq).  

Although it was not possible to experimentally isolate the species UO2SO4
0(aq) and 

UO2(SO4)2
2-(aq), the methodology of obtaining the values of the O=U=O symmetric stretches of 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq) produce values that vary by only 1 – 2 cm-1 from those reported 

by Nguyen-Trung et al.10  Both frequencies are shown to increase with temperature, which 

contradicts the results of Wang et al.,17 who reported a near constant Raman frequency for 

UO2SO4
0(aq), and a slowly decreasing Raman frequency for UO2(SO4)2

2-(aq).  This inconsistency 

is likely due to differing choices for a Raman frequency calibration standard – Wang et al. chose 
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to use the 1000.7 cm-1 band of benzonitrile,17, 74 which appears to have been assumed temperature 

independent in their study.  The Raman band positions in this study were calibrated with the known 

temperature dependent values of the (S-O)3 stretch of HSO4
-(aq).30 

The reliability of the calculated scattering coefficients 0
2 4 4

/
UO SO HSO

S S   and 

2
2 4 2 4( )

/
UO SO HSO

S S   depend on the accuracy of the concentrations calculated by the formation 

constants of Tian and Rao and the SIT activity coefficient model in the software package 

PHREEQC.  As mentioned, the SIT model in the PHREEQC software package requires knowledge 

of the interaction parameters between all ions in solution, several of which are unknown, which 

can lead to inaccuracies in the predicted molalities of the solutions investigated here.  Of particular 

concern is the high scattering coefficient of 14.94 ± 1.14 for 2
2 4 2 4( )

/
UO SO HSO

S S   when compared to 

the DFT predicted value of 4.52.  As mentioned above, one possibility for this discrepancy is that 

any deviations associated with the estimation of the interaction parameters in Equation (IV.13) 

would be exacerbated at high ionic strengths.  However, this is likely not the case, since solution 

concentrations were also calculated using all of the other activity coefficient models mentioned in 

Section IV.5.2, which do not rely on interaction parameters, and produces values of 

2
2 4 2 4( )

/
UO SO HSO

S S   between 10.8 – 17.5.  Thus, it seems likely the problem does not lie with the 

activity coefficient model, and the large value of 2
2 4 2 4( )

/
UO SO HSO

S S   is in fact real. 

A recent quantitative study on aqueous sulfur species47 has shown that approximating 

Raman scattering coefficients as temperature-independent is reasonable (better than ± 3%) over 

the temperature range in this study, if the Raman signal is corrected for the spectrometer response, 

the (ṽo – ṽi)
3ṽi

-1 Raman scattering dependence and the Bose-Einstein correction described in 
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Equation (IV.8).  The uncertainty of the temperature-independent relative Raman scattering 

coefficients derived using Equation (IV.12) are larger than ± 3%, and thus assuming them as 

temperature-independent is a reasonable approximation. 

As mentioned in Sections IV.4.6 and IV.5.1, the concentration of HSO4
-(aq) was calculated 

from our experimental Raman spectra by using the 1051.5 cm-1 band alone.  Although previous 

authors have found that using the sum of the integrated areas of the 1035.8 cm-1 and 1051.5 cm-1 

Raman bands produced an integrated area that was directly proportional to the concentration of 

HSO4
-(aq),58-59 it has also been observed that the ratio of the integrated areas of these two bands is 

consistently 0.18:1 in NH4HSO4 solutions over a wide range of HCl concentration.64  Since we 

observed the much larger ratio of (0.73 ± 0.13):1 in our [UO2SO4 + H2SO4] solutions at 25 °C, and 

our DFT results show that the 1035.8 cm-1 band likely contains contributions due to the (S-O)2 

vibrations of sulfate bound in a bidentate fashion to the uranyl ion, we cannot use both Raman 

bands to calculate the concentration of HSO4
-(aq).  The concern is whether the portion of the 

1035.8 cm-1 band stemming from some vibrational mode of HSO4
-(aq) is required to accurately 

calculate the concentration of HSO4
-(aq) from Raman, which for the reasons below we conclude 

is not the case for the following reason. 

The sum of the integrated areas of the 1035.8 cm-1 and 1051.5 cm-1 bands are directly 

proportional to the concentration of HSO4
-(aq), and the ratio of their integrated areas is constant at 

0.18:1 over a wide range of solution compositions.  Because the ratio of the integrated areas is 

constant, each individual band is also directly proportional to the HSO4
-(aq) concentration, but 

with a different proportionality constant.  In our experimental approach, this proportionality 

constant is the relative Raman scattering coefficients.  Therefore, the analysis performed by 
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previous authors can also be performed with our experimental methods by using either the 

integrated area of the 1051.5 cm-1 band alone, or the sum of the integrated areas of the 1035.8  

cm-1 and 1051.5 cm-1 bands.  The only difference would be a relative Raman scattering coefficient 

that varies by 18%, with the resultant concentrations being identical.  The original reason behind 

using the sum of the integrated areas of both these bands was only due to difficulties obtaining 

unique band fits for the individual peaks due to poor resolution.58   

The origin of the 1035.8 cm-1 band of HSO4
-(aq) is a subject of discussion in the 

literature.58-59  The invariance of the intensity of this band with pH64 makes a hydronium-bisulfate 

ion pair unlikely, as well as splitting from proton coupling.  Lund-Myhre et al.59 conclude that the 

1035.8 cm-1 band originates from vibrations from the HSO4
-(aq) ion alone, and is thus an overtone, 

combination, hot band, or from slight non-equivalence of the S-O bonds of HSO4
-(aq).58  The 

intensity of a hot band would change with temperature, which is not observed in their experimental 

spectra (-53 – 27 °C), nor in the results of Dawson et al. (25 – 300 °C),58 who report a temperature-

independent value of the relative Raman scattering coefficient of HSO4
-(aq), calculated from the 

sum of the integrated areas of both the 1035.8 cm-1 and 1051.5 cm-1 bands.  Thus, a hot band is 

highly unlikely.  The most logical explanation is a combination or overtone band originating from 

low-frequency modes of HSO4
-(aq) (located at 425 cm-1 and 593 cm-1)59 or SO4

2-(aq) (450 cm-1 

and 610 cm-1), since the intensity of these bands would not vary with temperature or pH.  However, 

slight non-equivalence of the S-O bonds of HSO4
-(aq) cannot be ruled out.     

Finally, use of the 1051.5 cm-1 band alone for calculating the concentration of HSO4
-(aq) 

is consistent with our previous high temperature Raman study on HSO4
-(aq),30 which was 

performed with 0.1 – 1.0 mol·kg-1 solutions of NaHSO4 and H2SO4, where no Raman peak was 
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observed at 1035.8 cm-1.  As a consequence, the relative Raman scattering coefficients reported in 

that study, which are used in Section IV.3.1, would be inconsistent with an analysis that used the 

sum of the integrated areas of both the 1035.8 cm-1 and 1051.5 cm-1 Raman bands to calculate 

HSO4
-(aq) concentration.   

 

 IV.6.2   Discussion of Computational Results 

The relative Raman scattering coefficient 2
2 4

/
UO HSO

S S   obtained by computational 

methods (Table IV.6) agrees well with experimental data in Table IV.3, whereas 0
2 4 4

/
UO SO HSO

S S   

and 2
2 4 2 4( )

/
UO SO HSO

S S   are both underestimated by computational methods, especially the latter.  

For species containing sulfate, it may be necessary to consider both the first and second solvation 

shell for predicting accurate Raman scattering activities of this cluster because UO2SO4
0(aq) and 

UO2(SO4)2
2-(aq) have several sulfate oxygens uncoordinated to uranium that can potentially 

hydrogen bond to the solvent.  This conclusion is consistent with a further computational anomaly 

for bidentate UO2SO4
0 and UO2(SO4)2

2- clusters.  The experimentally observed Raman band at 

1035.8 cm-1, which is best matched by that of the predicted (S-O)2 stretch of bidentate  

UO2(SO4)2
2-, has a theoretical frequency that is ~50 cm-1 too large.  Explicit consideration of water 

molecules that may hydrogen bonding to the oxygens involved in this (S-O)2 stretch may yield 

better agreement with experimental results.  Inclusion of a secondary or even tertiary solvation 

sphere would likely improve computational predictions.  
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Despite the shortcomings in predicting the relative Raman scattering coefficients of 

0
2 4 4

/
UO SO HSO

S S   and 2
2 4 2 4( )

/
UO SO HSO

S S   by these computational methods, several of the structural 

features of all of the uranyl hydrate and uranyl sulfate hydrate clusters are in good agreement with 

experimental values.  For uranyl hydrate clusters, calculated U=O bond lengths are in excellent 

agreement with experimental results (Table IV.4),9, 63, 75 and are more accurately predicted by 

molecular dynamics (MD) methods in the literature.26, 63  However, U··H2O distances are 

overestimated by 0.4 – 0.5 Å, which is similar to the results of Wahlin et al. who also used 

DFT/B3LYP with a comparable basis set and a similar PCM solvation model.76  MD calculations 

seem to underestimate U··H2O distances, with literature results ranging from 2.40 Å26 to 2.42 Å.63  

The DFT calculations of Tsushima29 produce excellent U=O bond lengths, but unfortunately no 

other structural details are reported.   

The structures calculated for the uranyl sulfate hydrate clusters in this study yielded 

excellent U=O bond distances, slightly exaggerated U··H2O bond distances, and reasonable U-S 

distances and U-O-S angles compared to literature values9, 75 (Table IV.4).  Hennig et al. (2007) 

investigated uranyl sulfate clusters by DFT methods,9 and while they did not list U=O bond 

distances, their U··H2O distances of 2.42 – 2.50 Å are slightly closer to literature values than those 

reported here, and U-S distances and U-O-S angles of comparable magnitudes.  Tsushima also 

investigated UO2SO4
0 by DFT methods and reports excellent U=O bond lengths, but again, all 

other structural details are omitted.   

Tsushima29 and Austin et al.63 are the only authors who have reported vibrational 

frequencies by computational methods.  The former reports a value of ~905 cm-1 for the O=U=O 

symmetric stretch of the UO2(H2O)5
2+ cluster (estimated from their Figure 1), while Austin et al. 
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reports 852 cm-1.  Tsushima also reported O=U=O vibrational frequencies of UO2SO4
0, with values 

of ~885 and ~872 cm-1 for monodentate and bidentate coordination.  The 915.2 cm-1 value for 

UO2(H2O)5
2+ reported here is only slightly higher than that of Tsushima, while the values for 

monodentate UO2(H2O)4SO4
0 and bidentate UO2(H2O)3SO4

0 of 875.0 cm-1 and 869.9 cm-1 are in 

slightly better agreement with the experimental value of 863.2 cm-1. 

It is concluded that the accuracy of this computational method in predicting the structural 

features in Table IV.4 and vibrational frequencies in Table IV.5 is of sufficient quality to 

substantiate several important observations.   

The calculation of ΔrG° presented in Section IV.4.4 show that monodentate or bidentate 

coordination of UO2SO4
0(aq) are equally probable, and that UO2(SO4)2

2-(aq) prefers a bidentate 

structure is consistent with the EXAFS results in the literature.9, 62 The model used here may be an 

improvement on those of Hennig et al.9 and by Vallet and Grenthe,28 due to the alternate method 

in considering the rejected H2O molecule.  As pointed out by Vallet and Grenthe, a small difference 

in the calculated value of ΔrG° can cause a very large difference in the ratio of monodentate to 

bidentate coordination in UO2SO4
0.  Thus, these types of calculations are very sensitive to how the 

uranyl sulfate hydrate clusters are modelled.  Specifically, Hennig et al. report a ΔrG° of +14.9 

kJ·mol-1 for a coordination shift from bidentate UO2SO4
0 to monodentate UO2SO4

0, which is equal 

to 6RT at 298 K.9  This would result in a Boltzmann distribution containing 99.8% bidentate 

UO2SO4
0, which contradicts their experimental results.  The only difference in our computational 

approach was to consider the rejected water molecule as a part of the bulk solvent, and supplied a 

more reasonable value of ΔrG° = -0.1 kJ·mol-1, which would result in a more evenly distributed 

Boltzmann population.  Ideally, these uranyl sulfate hydrates would be modelled with a complete 
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primary, secondary and even tertiary solvation sphere, but such an analysis is very computationally 

expensive. 

Another interesting facet of the quantum chemical predictions stemming out of Table IV.5 

is that the O=U=O vibrational frequencies of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) in the uranyl 

region (800 – 900 cm-1) are clearly differentiated by the number of speciated sulfate ligands, with 

small differences in vibrational frequencies due to monodentate or bidentate coordination.  The 

experimental Raman spectra show that the O=U=O vibration of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) 

exist as distinct peaks, meaning that the monodentate and bidentate versions of UO2SO4
0 (and 

those of UO2(SO4)2
2-) overlap.  However, in the sulfate region (950 – 1100 cm-1), the (S-O)3 stretch 

of the sulfate ligands in both monodentate UO2SO4
0 and monodentate UO2(SO4)2

2- overlap.  The 

same is true of the (S-O)2 stretch of bidentate UO2SO4
0 and bidentate UO2(SO4)2

2-.  Thus, the 

uranyl region is useful for distinguishing between the number of sulfate ligands speciated to the 

uranyl ion, while the sulfate region may be useful in determining the concentration of total 

monodentate and total bidentate coordination of the sum of UO2SO4(aq) and UO2(SO4)2
2-(aq).  

Because of the significant overlap in peaks in the sulfate region, such an analysis was not attempted 

here.   

 

 IV.6.3   Discussion of Formation Constants and Uranyl Speciation  

The main focus of this study is the quantitative determination of the formation constants 

of the uranyl sulfate system.  Because the Raman scattering coefficients of UO2SO4
0(aq) and 

UO2(SO4)2
2-(aq) were found by calculating uranyl concentrations using the formation constants of 
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Tian and Rao11 and the SIT activity coefficient model for ionic strength effects, it is expected that 

recalculating these formation constants by the methodology in Section IV.5 would have the best 

agreement to literature values when using the SIT activity coefficient model, especially at 25 °C.  

Doing so provides 25 °C values of log K1 = 3.07 ± 0.03 and log β2 = 4.31 ± 0.12, which is in 

relatively good agreement with the values of Tian and Rao (log K1 = 3.23 ± 0.08 and log β2 = 4.22 

± 0.15 respectively) and Geipel et al. (3.15 ± 0.02 and 4.14 ± 0.07 respectively).  The reason for 

the difference in the value of log K1 and log β2 calculated here, compared that of Tian and Rao, is 

simply due to using a weighted average of 12 separate Raman spectra with differing uncertainties 

when calculating an average Raman scattering coefficient, and again when calculating an average 

formation constant. 

The steep increase in the values of log K1 with temperature is expected, since preferential 

formation of the neutral species UO2SO4
0(aq) is more likely at high temperatures due to the 

decrease in the dielectric constant and hydrogen bonding network of the solvent.  Somewhat 

surprising is the persistence of UO2(SO4)2
2-(aq) in aqueous solution as a significant species even 

at temperatures as high as 375 °C, at around 8% of the total uranium concentration.  However, the 

relative concentration of uranium present as UO2(SO4)2
2-(aq) is a maximum at 75 °C, with 35 mole 

percent, followed by a steady decline of ~1% per increase of 10 °C.  If these trends continue past 

375 °C, UO2(SO4)2
2-(aq) should become undetectable at temperatures above 450 °C.   

Since there are several soluble actinides that share the same XO2
2+(aq) structure as 

UO2
2+(aq) (i.e., PuO2

2+(aq) and NpO2
2+(aq)), which also form the coordination complexes 

XO2SO4
0(aq) and XO2(SO4)2

2-(aq), and which also have formation constants with comparable 

magnitudes,77 it is plausible that the same complexation behaviour exists for these actinide systems 
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at high temperature, but with altered formation constants.  Thus, uranyl complexation could be a 

potential model system for estimating XO2
2+(aq) complexation. 

The findings of this study show that at t ≥ 325 °C, in the presence of sufficient sulfate, the 

uranyl ion is nearly completely complexed, primarily as UO2SO4
0(aq), with a minor concentration 

of UO2(SO4)2
2-(aq).  At SCWR conditions, it is likely that UO2SO4

0(aq) is the only detectable 

species.  This is a major concern, as concentrated UO2SO4 solutions are known to separate into a 

two-liquid phase system at the temperatures and pressure ranges of the SCWR coolant.16-17, 78-80  If 

concentrated uranyl sulfate solutions form inside small crevices in the pressure tubes of the SCWR, 

this could cause numerous operational issues relating to radiation dosage and corrosion.  The phase 

behavior of the solutions investigated in this study from 350 – 400 °C will be the focus of a second 

publication from our laboratory. 

 

IV.7   Conclusion  

This study determined quantitative values for the formation constants of uranyl sulfate in 

hydrothermal solutions, obtained using polarized Raman spectra and high pressure quartz capillary 

cells.  Although the recent paper by Wang et al.17 reports a similar investigation of liquid-liquid 

phase behaviour in the UO2SO4 system at high temperature, their results are qualitative.  To the 

best of our knowledge, this is the first report in the literature to provide quantitative thermodynamic 

formation constants using these techniques for any aqueous system, and also the first to provide 

quantitative formation constants of actinide complexes above 85 °C. 



180 

 

The methodology outlined in this study demonstrates the strength of applying modern 

Raman spectroscopic techniques to the determination of quantitative thermodynamic constants for 

aqueous species at high temperature and pressure.  This method is particularly suited for systems 

involving small molecules with relatively simple Raman spectra.  The small differences in Raman 

frequencies of the uranyl species in this study, as well as the numerous overlapping Raman bands, 

implies that systems with much more complex Raman spectra may be difficult to analyze.  The 

fused silica capillary cells used in this study are easy to work with, require very little solution, and 

are capable of withstanding extreme conditions (50 MPa, 500 °C).  The fused silica cell material 

performs very well under acidic and neutral conditions, but begins to dissolve under basic 

conditions.  This methodology can be applied to several other aqueous systems, which has wide 

reaching, exciting implications in several fields of chemistry, such as nuclear coolant chemistry, 

long term storage of spent fuels, geothermal systems, and high temperature industrial processes.   
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Figure IV.1   Deconvoluted Raman spectra of the uranyl triflate solution [0.10 m UO2(CF3SO3)2 + 

0.9859 m HCF3SO3].  The blue lines are the individual fitted Voigt peaks, the red line is the sum 

of these Voigt peaks, and the black line is experimental data.  The UO2
2+ band is the symmetric 

O=U=O vibration of the uranyl ion.  The bands labelled “C-F3” are the symmetric deformation 

(downfield) and symmetric stretch (upfield) vibrations of CF3SO3
-(aq), while the “S-O3” band 

refers to the symmetric S-O stretch.    
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Figure IV.2   The Raman scattering coefficients of UO2
2+(aq) relative to the 1034 cm-1 stretch of 

CF3SO3
-(aq), 2

2 3 3

/
UO CF SO

S S  , from 25 – 300 °C.  The dashed line refers to the weighted average of 

the scattering coefficient of the unfiltered solution.  
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Figure IV.3   Deconvoluted Raman spectra at 25 °C and 25 MPa of Solutions 1, 4, 7, and 10 in panels A – D respectively. 
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Figure IV.4   Deconvoluted Raman spectra at 175 °C and 25 MPa of Solutions 1, 4, 7, and 10 in panels A – D respectively. 
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Figure IV.5   Deconvoluted Raman spectra at 325 °C and 25 MPa of Solutions 1, 4, 7, and 10 in panels A – D respectively. 
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Figure IV.6   Raman band positions of the ṽ1(O=U=O) stretch of UO2
2+(aq) (green triangles), 

UO2SO4
0(aq) (blue diamonds) and UO2(SO4)2

2-(aq) (red squares) versus temperature.  Solid data 

points are experimental values, while the two hollow data points are calculated by using the 25 °C 

value of UO2
2+(aq) and the known downfield shift of 9 cm-1 and 18 cm-1 for UO2SO4

0(aq) and 

UO2(SO4)2
2-(aq) respectively.10  Values are listed in Table IV.2. 
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Figure IV.7   Scattering coefficient of UO2
2+(aq) relative to HSO4

-(aq) at 25 °C for all 12 solutions 

in Table IV.1.  The black line is a weighted mean of the data, 1.73 ± 0.15, while the dashed red 

line is the experimentally determined value of 1.90 ± 0.07 from Section IV.3.1.  Diamonds, squares 

and circles represent 20, 15 and 10 weight percent UO2SO4 solutions respectively.  Red, orange, 

blue and green data points represent SO4/U ratios of 3.5, 2.5, 2.0 and 1.5 respectively. 
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Figure IV.8   Scattering coefficient of UO2SO4
0(aq) relative to HSO4

-(aq) at 25 °C for all 12 

solutions in Table IV.1.  The black line is the weighted mean of the data shown, 3.09 ± 0.13.  

Diamonds, squares and circles represent 20, 15 and 10 weight percent UO2SO4 solutions 

respectively.  Red, orange, blue and green data points represent SO4/U ratios of 3.5, 2.5, 2.0 and 

1.5 respectively. 
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Figure IV.9   Scattering coefficient of UO2(SO4)2
2-(aq) relative to HSO4

-(aq) at 25 °C for all 12 

solutions in Table IV.1.  The black line is the weighted mean value of the data, 14.94 ± 1.14.  

Diamonds, squares and circles represent 20, 15 and 10 weight percent UO2SO4 solutions 

respectively.  Red, orange, blue and green data points represent SO4/U ratios of 3.5, 2.5, 2.0 and 

1.5 respectively. 
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Figure IV.10   Scattering coefficient of UO2
2+(aq) relative to HSO4

-(aq) versus ionic strength at 25 

°C for all 12 solutions in Table IV.1.  The black line is a weighted mean of the data, 1.73 ± 0.15, 

while the dashed red line is the experimentally determined value of 1.90 ± 0.07 from Section 

IV.3.1.  Diamonds, squares and circles represent 20, 15 and 10 weight percent UO2SO4 solutions 

respectively.  Red, orange, blue and green data points represent SO4/U ratios of 3.5, 2.5, 2.0 and 

1.5 respectively. 
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Figure IV.11   Scattering coefficient of UO2SO4
0(aq) relative to HSO4

-(aq) versus ionic strength 

at 25 °C for all 12 solutions in Table IV.1.  The black line is the weighted mean value of the data, 

3.09 ± 0.13.  Diamonds, squares and circles represent 20, 15 and 10 weight percent UO2SO4 

solutions respectively.  Red, orange, blue and green data points represent SO4/U ratios of 3.5, 2.5, 

2.0 and 1.5 respectively. 
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Figure IV.12   Scattering coefficient of UO2(SO4)2
2-(aq) relative to HSO4

-(aq) versus ionic strength 

at 25 °C for all 12 solutions in Table IV.1.  The black line is the weighted mean value of the data, 

14.94 ± 1.14.  Diamonds, squares and circles represent 20, 15 and 10 weight percent UO2SO4 

solutions respectively.  Red, orange, blue and green data points represent SO4/U ratios of 3.5, 2.5, 

2.0 and 1.5 respectively. 
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Figure IV.13   Structural representation of UO2(H2O)5
2+ from Gaussian 09 (Gaussview 5.0).   

 

 

 

Figure IV.14   Structural representation of monodentate UO2(H2O)4SO4
0 from Gaussian 09 

(Gaussview 5.0).   
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Figure IV.15   Structural representation of bidentate UO2(H2O)3SO4
0 from Gaussian 09 

(Gaussview 5.0).   

 

 

Figure IV.16   Structural representation of doubly bidentate UO2(H2O)(SO4)2
2- from Gaussian 09 

(Gaussview 5.0).   
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Figure IV.17   log K1 versus 1000T-1 for the first association constant of UO2
2+(aq) with SO4

2-(aq).  

Shown are the log K1 values determined by Marshall and Jones,23 (red), MultEQ67,68 (orange), 

Archer34, 69 (blue) and SIT8 (green) activity coefficient models.  Also shown are the experimental 

data of Tian and Rao11  (solid black circles) and a linear extrapolation (dotted black line) of those 

data to high temperatures.  The curved solid black line is a fit of Equation (IV.31) to the 

experimental data in this study.  
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Figure IV.18   log β2 versus 1000T-1 for the second association constant of UO2
2+(aq) with SO4

2-

(aq).  Shown are the log β2 values determined by Marshall and Jones,23 MultEQ67,68 and Archer34, 

69 (red), and SIT8 (green) activity coefficient models.  Also shown are the experimental data of 

Tian and Rao11 (solid black circles) and a linear extrapolation (dotted black line) of those data to 

high temperatures.  The curved solid black line is a fit of Equation (IV.31) to the experimental data 

in this study.  
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Figure IV.19   Deviation of the experimental values of log K1 to the density model fit of Equation 

(IV.31).  Because the fits to Equation (IV.31) are weighted by experimental uncertainties, the 

deviation plot is not centered on zero, and any apparent trend is coincidental.   
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Figure IV.20   Deviation of the experimental values of log β2 to the density model fit of Equation 

(IV.31).  Because the fits to Equation (IV.31) are weighted by experimental uncertainties, the 

deviation plot is not centered on zero, and any apparent trend is coincidental. 
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Table IV.1   Formal concentrations of [UO2SO4 +H2SO4] solutions 

Solution # 
m / mol·kg-1 

SO4/U Ratio 
UO2SO4 H2SO4 

1 0.702 ± 0.005 0.375 ± 0.001 1.5 

2 0.514 ± 0.004 0.275 ± 0.0004  

3 0.317 ± 0.011 0.169 ± 0.006  

4 0.757 ± 0.006 0.842 ± 0.002 2.0 

5 0.530 ± 0.004 0.590 ± 0.001  

6 0.326 ± 0.008 0.363 ± 0.008  

7 0.828 ± 0.006 1.286 ± 0.002 2.5 

8 0.536 ± 0.004 0.833 ± 0.001  

9 0.332 ± 0.007 0.516 ± 0.011  

10 0.855 ± 0.006 2.036 ± 0.004 3.5 

11 0.567 ± 0.004 1.349 ± 0.002  

12 0.338 ± 0.008 0.805 ± 0.019  

 

Table IV.2   Band positions of uranyl species versus T, relative to the S-O3 stretch of HSO4
 -* 

t / oC 
Wavenumbers / cm-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- 

25 872.2 ± 1.1 863.2 ± 1.0** 854.2 ± 1.0** 

75 (873.6 ± 1.2) (863.9 ± 1.1) (854.8 ± 1.1) 

125 (875.3 ± 1.2) (864.7 ± 1.2) (855.5 ± 1.2) 

150 875.9 ± 1.1 (865.1 ± 1.4) (855.8 ± 1.4) 

200 877.9 ± 1.1 (865.8 ± 1.6) (856.5 ± 1.6) 

250 879.8 ± 1.1 (866.6 ± 1.8) (857.1 ± 1.8) 

300 880.7 ± 1.1 (867.4 ± 2.0) (857.8 ± 2.0) 

325 [881.8 ± 1.2] 867.4 ± 1.8 858.1 ± 2.2 

350 [882.6 ± 1.4] 868.2 ± 1.4 858.1 ± 2.7 

375 [883.5 ± 1.6] 868.8 ± 1.5 859.1 ± 2.3 

400 [884.3 ± 1.8] [868.9 ± 1.6] [859.1 ± 2.5] 
* Values in rounded parenthesis are interpolated, square parenthesis are extrapolated.  Reported 

uncertainties for these values are estimated. 
** Values calculated as described in the text. 
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Table IV.3   Relative scattering coefficient of uranyl sulfate species at 25 oC, as calculated from 

the formation constants of Tian and Rao11 using PHREEQC 

Species 
4

/X HSO
S S    

UO2
2+ 1.73 ± 0.15 

UO2SO4
0 3.09 ± 0.13 

UO2(SO4)2
2- 14.94 ± 1.14 

 

 

Table IV.4   Comparison of computational and experimental uranyl hydrate and uranyl sulfate 

bond lengths and angles 

 U=O (Å) U-OH2O (Å) U-S (Å) U-O-S angle 

UO2(H2O)5
2+ 1.75 2.47   

Experimentala 1.76 – 1.78 2.41 – 2.45   

m-UO2SO4(H2O)4
0 1.77 2.54 3.50 131.3 

b-UO2SO4(H2O)3 1.76 2.56 3.12 102.0 

Experimental 1.77b 2.50b 3.57, 3.09b 143, N/Ac 

2b-UO2(SO4)2(H2O)2- 1.78 2.51 3.10 100.7 

2b-UO2(SO4)2(H2O)2
2- 1.78 2.56 3.16 101.6 

1m-1b-UO2(SO4)2(H2O)2
2- 1.78 2.52 3.65, 3.12 100.9, 143.1 

2m-UO2(SO4)2(H2O)3
2- 1.78 2.55 3.67 144.3 

Experimental 1.77b 2.48b 3.11b 143, N/Ac  

Prefixes m- and b- refer to monodentate and bidentate coordination.  If two numbers are reported, 

the first refers to monodentate coordination. 
a  Austin et al.63 
b  Hennig et al.9 
c  Neuefeind et al.75 
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Table IV.5   Computational Raman frequencies and scattering activities of uranyl clusters 

Structure n m* b* 
Raman O=U=O 

Frequency / cm-1 

Raman Scattering 

Activity / Å4/AMU 

UO2(H2O)n
2+ 

0 0 0 924.9 138.4 

1 0 0 910.0 138.2 

2 0 0 913.7 141.5 

3 0 0 910.0 139.8 

4 0 0 908.2 150.2 

5 0 0 915.2 156.7 

UO2(H2O)nSO4
0 

0 0 1 853.4 151.2 

1 0 884.9 289.5 

1 0 1 854.9 138.6 

1 0 872.2 311.4 

2 0 1 854.1 170.9 

1 0 873.0 324.8 

3 0 1 869.9 213.9 

1 0 884.3 298.1 

4 0 1 863.6 249.4 

1 0 875.0 145.4 

UO2(H2O)n(SO4)2
2- 

0 0 2 835.4 364.4 

1 1 852.5 369.5 

2 0 869.2 163.1 

1 0 2 834.3 388.6 

1 1 856.7 174.0 

2 0 870.0 268.9 

2 0 2 834.6 382.8 

1 1 857.4 171.2 

2 0 881.9 203.7 

3 2 0 893.0 66.0 

UO2(H2O)n(SO4)3
4- 

0 0 3 814.2 448.6 

1 2 778.5 295.1 

2 1 779.6 403.8 

1 2 1 792.0 402.2 

3 0 824.5 108.7 

2 3 0 794.5 493.2 

3 3 0 797.9 473.0 
*m and b correspond to the number of monodentate and bidentate sulfate ligands respectively.  Best 

values (structures with a complete first solvation sphere) are in bold. 
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Table IV.6   Computational Raman scattering coefficients of uranyl species relative to  

CF3SO3
-(aq) and HSO4

-(aq) 

Species 
3 3

/X CF SO
S S 

 4

/X HSO
S S 

 
UO2(H2O)5

2+ 2.34 1.83 

UO2SO4(H2O)4
0 (monodentate) 2.17 1.70 

UO2SO4(H2O)4
0 (bidentate) 3.73 2.92 

UO2(SO4)2(H2O)2
2- (double monodentate)* 3.04 2.38 

UO2(SO4)2(H2O)2
2- (mono/bidentate combination) 2.56 2.00 

UO2(SO4)2(H2O)1
2- (double bidentate) 5.81 4.55 

UO2(SO4)2(H2O)2
2- (double bidentate) 5.72 4.48 

* This structure was used, as UO2(SO4)2(H2O)3
2- exhibited an unusually small Raman activity. 

 

 

Table IV.7   Experimental Raman band frequencies at 25 °C, 800 – 1200 cm-1 

Species Type of Stretch 
Raman Frequency / cm-1 

Experimental Computational 

UO2(SO4)2
2- ṽ1(UO2) 854.2 ± 1.0 858.0 

UO2SO4
0 ṽ1(UO2) 863.2 ± 1.0 869.3 

UO2
2+ ṽ1(UO2) 872.2 ± 1.1 915.2 

HSO4
- ṽ1(S-OH) 893.8 ± 1.0 676.9 

Monodentate  

UO2(SO4)x
2-2x  

ṽ1(U···OS-O3) 965.9 ± 1.2 943.0** 

SO4
2- ṽ1(SO4) 981.5 ± 1.0 915.2 

SO4
2- Bound To UO2

2+* - 990.1 ± 4.7 - 

Bidentate  

UO2(SO4)x
2-2x 

ṽ1(U···O2S-O2) 1035.8 ± 6.7 1085.5** 

HSO4
- ṽ1(HOS-O3) 1051.5 ± 1.0 987.9 

Combination or Overtone of Low 

Frequency Modes of SO4
2-/HSO4

-* 

- 1147.4 ± 1.4 - 

* Tentative band assignment. 
** Average value of all uranyl sulfate hydrate clusters exhibiting this Raman band. 
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Table IV.8   Experimental values of log K1 for the Reaction UO2
2+(aq) + SO4

2-(aq) ⇌ 

UO2SO4
0(aq), derived from four independent activity coefficient models 

 

t / oC 
Marshall and 

Jones23 
MultEQ67,68 Archer34, 69 SIT8, 11 

25 3.49 ± 0.04 (2.84 ± 0.04) 2.92 ± 0.04 3.07 ± 0.03 

75 4.06 ± 0.04 (3.67 ± 0.03) 3.73 ± 0.02 3.84 ± 0.03 

125 4.59 ± 0.08 (4.35 ± 0.05) 4.38 ± 0.05 (4.47 ± 0.07) 

175 5.42 ± 0.06 5.23 ± 0.04 5.25 ± 0.04 (5.37 ± 0.05) 

225 6.40 ± 0.13 6.37 ± 0.12 6.33 ± 0.12 (6.44 ± 0.13) 

275 7.66 ± 0.17 7.70 ± 0.15 7.63 ± 0.15 (7.74 ± 0.17) 

325 9.82 ± 0.22 9.54 ± 0.19 9.31 ± 0.19 (9.51 ± 0.20) 

350 12.17 ± 0.04 12.42 ± 0.04 11.57 ± 0.04 (11.27 ± 0.04) 

375 (14.55 ± 0.14)    

25 °C:  log K1 = 3.23 ± 0.08 (Tian and Rao, 2009),11 3.15 ± 0.02 (Geipel et al.)25 

70 °C:  log K1 = 3.74 ± 0.08 (Tian and Rao, 2009).11 
** Values indicated in brackets are at temperatures beyond the range of validity of the activity 

coefficient model. 

 

Table IV.9   Experimental values of log β2 for the Reaction UO2
2+(aq) + 2SO4

2-(aq) ⇌ 

UO2(SO4)2
2-(aq), derived from four separate activity coefficient models 

t / oC 
Marshall and Jones23, 

MultEQ67,68 & Archer34, 69* 
SIT8, 11 

25 4.13 ± 0.06 4.31 ± 0.12 

75 5.27 ± 0.05 5.50 ± 0.07 

125 6.08 ± 0.13 6.27 ± 0.17 

175 7.45 ± 0.07 (7.68 ± 0.11) 

225 8.99 ± 0.17 (9.16 ± 0.19) 

275 10.53 ± 0.17 (10.63 ± 0.20) 

325 12.62 ± 0.22 (12.74 ± 0.25) 

350 14.58 ± 0.02 (14.72 ± 0.03) 

375 [14.92 ± 0.19]**  

25 °C:  log β2 = 4.22 ± 0.15 (Tian and Rao),11 4.14 ± 0.07 (Geipel et al.).25 

70 °C:  log β2 = 5.34 ± 0.16 (Tian and Rao).11 
*
 In applying Equations (IV.17) – (IV.27) to Reaction (IV.2) to the activity coefficient models of 

Marshall and Jones23, MultEQ67,68 & Archer,34, 69 several terms cancel out. 
** Square brackets are the activity coefficient model of Marshall and Jones23 only. 
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Table IV.10   Fitted parameters of Equation (IV.31) to experimental data for  

Reactions (IV.1) and (IV.2) 

 a b / 10-3 K-1 c / 106 K-2 d e / 103 K-1 

log K1,  

Reaction (IV.1) 
7.62 ± 0.96 -13.1 ± 2.9   -38.9 ± 2.7 

log β2, 

Reaction (IV.2) 
7.42 ± 2.51  -0.279 ± 0.030 -38.4 ± 9.1  
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 Chapter IV Supplementary Information 

  

Quantitative Raman and Density Functional Theory Investigation of 

Uranyl Sulfate Complexation under Hydrothermal Conditions 

 

 

 

Prelude 

This supplementary information reports the integrated areas of the Raman bands 

corresponding to UO2
2+(aq), UO2SO4

0(aq), UO2(SO4)2
2-(aq), HSO4

-(aq) and SO4
2-(aq) are listed in 

Tables S.IV.1 – S.IV.12.  The experimentally determined concentrations of UO2
2+(aq), 

UO2SO4
0(aq), UO2(SO4)2

2-(aq), HSO4
-(aq), SO4

2-(aq) and H+(aq), as well as the corresponding 

ionic strength, are listed in Tables S.IV.13 – S.IV.24.   

Table S.IV.25 reports the fitting parameters of the temperature dependent formation 

constants from Reactions (IV.1) and (IV.2) derived in Chapter IV, as well as those of Reaction 

(IV.4) of Marshall and Jones, fit to the Extended Van’t Hoff Equation shown in Equation (S.IV.1) 

2
log W

A E
K B CT DLogT WLogK

T T
          (S.IV.1) 

where log KW is the pKa of water versus temperature.   
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Lastly, the SIT interaction coefficients for the species relevant to this report that are 

contained in the PHREEQC SIT Database Version 9b0 are listed in Table S.IV.26. 



 

 
 

2
1
9
 

Table S.IV.1   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.702 mol·kg-1 UO2SO4 + 0.375 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 5139.0 1291.1 15536.8 2792.3 21603.3 1443.0 1582.5 1243.2 3800.8 2827.0 

75 2061.7 257.4 10230.2 208.2 30431.9 233.7 2030.3 19892.2 3672.9 11545.3 

125 1706.1 443.5 10057.6 244.1 27752.8 521.9 1134.1 4057.9 3302.4 4411.6 

175 1742.1 460.2 11016.1 213.8 25897.8 997.2 1611.8 15023.5 3639.8 3283.1 

225 1236.6 354.3 11532.5 1248.7 21377.1 3479.1 874.7 481.7 2321.7 1018.1 

275 1219.1 533.7 15005.6 2523.8 14411.4 3236.5 1916.3 7601.0 4827.5 858.8 

325 346.7 271.3 14759.2 1017.5 13605.0 823.9 985.7 292.4 3640.0 481.8 

 

 

 

Table S.IV.2   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.514 mol·kg-1 UO2SO4 + 0.275 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 2461.4 1591.2 8658.6 3413.0 15549.3 1767.3 1307.3 1509.0 3068.9 961.0 

75 915.3 281.5 6686.4 260.4 20685.7 242.7 1700.8 7051.8 2411.3 7061.6 

125 584.9 170.5 6221.8 213.4 18601.6 244.1 1270.2 12126.4 2986.4 6040.8 

175 906.9 343.7 5631.9 172.4 14038.4 779.8 793.8 9628.1 2423.9 3374.4 

225 788.9 123.2 7019.7 103.7 12423.5 1711.3 1162.5 3493.0 2715.0 2535.1 

275 946.6 131.7 7173.5 141.5 7770.7 704.2 874.4 2662.5 1796.5 958.7 

325 0.0 27.2 13259.0 944.7 3991.1 899.3 835.9 1002.5 2427.9 617.4 
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Table S.IV.3   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.317 mol·kg-1 UO2SO4 + 0.169 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 3242.1 837.2 9412.7 2020.0 14112.4 885.8 1863.2 1873.9 3190.6 3002.7 

75 801.9 338.5 6830.3 354.2 20254.1 291.0 2052.3 6595.1 1945.4 9580.8 

125 1005.4 537.0 6712.3 271.3 19155.8 751.5 1152.3 17598.5 2569.4 5750.5 

175 974.8 549.7 6301.4 275.3 16394.0 1265.7 832.8 14341.4 3080.2 4229.6 

225 772.6 154.3 7019.9 143.1 11795.5 1842.7 1002.4 4304.3 2204.0 3036.4 

275 249.3 195.6 3695.7 680.5 5004.0 630.8 188.3 1745.2 1301.6 993.1 

325 0.0 429.9 6409.1 1312.6 6592.4 1282.7 427.3 306.0 1452.8 457.5 

 

 

 

Table S.IV.4   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.757 mol·kg-1 UO2SO4 + 0.842 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 3285.2 96.8 10765.1 79.1 29279.2 259.1 1693.5 1610.4 6643.7 2045.0 

75 2143.6 175.4 9781.9 139.7 31044.4 519.3 3522.0 16515.1 7878.8 9044.1 

125 2220.7 375.7 10506.2 116.0 28683.7 415.5 1881.0 2595.4 7289.5 4862.9 

175 1965.4 358.4 12038.0 177.9 23553.1 725.2 1564.1 11139.3 7916.1 3407.8 

225 1521.5 351.4 15869.5 1146.1 17540.3 2567.3 3494.1 1902.0 5332.2 3153.0 

275 231.8 131.9 21386.5 669.6 13786.1 913.0 2896.7 1313.8 5877.3 2637.1 

325 65.8 167.5 18286.4 4422.4 15948.9 4317.5 1127.8 3487.1 6392.5 1427.8 

350 0.0 14.9 17514.7 224.7 4691.2 243.4 885.7 1193.7 4684.1 1657.4 

375 310.0 224.4 19046.3 1483.5 10323.7 1581.2 838.1 601.4 5258.6 2179.5 
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Table S.IV.5   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.530 mol·kg-1 UO2SO4 + 0.590 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 2199.9 89.7 7087.4 73.8 18378.2 250.3 2494.1 2331.8 4756.3 2140.7 

75 847.1 179.5 5753.9 169.6 20766.5 256.0 5217.4 5838.9 4637.8 9216.4 

125 1244.9 314.8 6389.8 133.1 19069.2 409.1 1678.1 13806.0 5491.3 6426.3 

175 1215.1 330.2 7082.1 161.2 16113.3 704.2 2191.0 4414.0 5490.8 4026.6 

225 870.5 77.2 6922.4 68.1 11960.3 1059.7 1835.5 3472.5 4308.0 1608.4 

275 1043.0 407.5 10070.8 1411.4 6464.9 1426.3 1339.4 1389.6 4081.9 1706.0 

325 112.8 242.2 10054.1 1192.0 10155.0 1013.8 786.6 1347.1 3423.5 642.4 

350 83.0 205.9 10814.8 597.4 5758.2 393.8 507.3 806.9 2500.5 673.3 

375 55.4 142.7 8257.1 356.2 4626.0 276.7 413.4 520.1 1352.9 516.0 

 

 

 

Table S.IV.6   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.326 mol·kg-1 UO2SO4 + 0.363 

mol·kg-1 H2SO4] 

T / °C UO2
2+ St. Error UO2SO4

0 St. Error UO2(SO4)2
2- St. Error SO4

2- St. Error HSO4
- St. Error 

25 2143.6 97.6 6185.2 76.1 15478.3 214.6 1469.2 996.7 4146.9 2076.1 

75 1245.5 228.4 6993.4 185.9 23269.9 242.5 2540.0 8148.7 5488.6 8559.3 

125 1465.2 443.8 7429.3 181.1 20511.0 633.4 2637.4 12774.5 6107.7 9791.2 

175 1482.7 559.2 7747.3 262.2 18147.6 1217.1 1128.9 10216.1 7809.3 8364.8 

225 1209.1 148.8 7711.7 121.0 13565.0 1960.4 1214.5 3996.5 6398.9 3787.6 

275 489.1 327.3 12076.0 1452.0 5829.4 1605.9 560.7 2996.3 6187.7 1102.7 

325 0.0 237.7 11574.2 1809.5 7141.5 1698.0 515.3 288.0 5164.1 832.3 

350 0.0 82.7 8919.1 286.9 4571.9 209.6 524.9 565.9 3094.7 1263.5 
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Table S.IV.7   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.828 mol·kg-1 UO2SO4 + 1.286 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 3916.8 156.8 11751.6 97.3 32981.6 377.8 4547.1 3073.0 9955.1 2249.3 

75 2264.2 176.7 10271.1 101.0 35875.4 502.5 5157.8 18352.1 11295.5 14530.2 

125 2947.5 406.0 11778.0 99.4 30762.1 392.5 1862.8 37432.2 12691.8 9693.9 

175 2868.0 652.6 14052.5 1226.2 24540.3 1075.9 5593.4 1883.1 13409.5 4454.4 

225 1087.7 266.9 22386.1 1014.7 15987.9 1930.8 3454.3 3003.5 9600.0 3587.2 

275 1686.0 521.2 23837.5 1978.5 13646.8 2170.7 2560.6 3472.2 12878.8 3635.7 

325 14.5 132.0 22354.6 3801.6 15723.7 3736.4 1673.2 2159.4 7077.5 1703.5 

350 53.0 212.8 21566.3 2462.0 14935.2 2462.6 1270.5 1464.8 8486.3 2131.0 

375 0.0 47.2 22615.9 1449.0 10925.5 1428.8 998.1 1566.1 8916.7 4624.8 

 

 

 

Table S.IV.8   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.536 mol·kg-1 UO2SO4 + 0.833 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 1999.4 120.7 5360.9 67.1 18821.3 184.1 1893.6 3813.6 6000.0 1782.6 

75 739.1 148.9 5549.1 142.4 19869.9 442.5 4795.2 6100.4 6737.2 9677.6 

125 1248.9 266.6 6399.4 103.2 17078.1 336.2 2119.8 7157.2 8099.4 7762.4 

175 1400.7 272.7 7375.1 105.3 15419.4 609.0 1681.4 4838.2 7789.5 3501.9 

225 1526.0 114.4 8369.6 87.9 10198.2 1343.0 1633.2 2361.2 7724.6 2695.9 

275 473.7 270.2 14451.1 1005.8 4743.1 942.7 741.3 2105.8 5535.4 1282.4 

325 0.0 25.6 12757.6 979.8 7870.4 951.5 608.3 1377.9 4865.4 737.0 

350 0.0 22.8 13492.4 489.0 5320.1 470.7 451.2 398.7 2884.7 935.2 

375 87.0 161.0 10836.9 596.2 6651.7 621.8 376.3 488.9 3069.5 922.1 
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Table S.IV.9   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.332 mol·kg-1 UO2SO4 + 0.516 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 2499.9 153.4 6846.5 92.4 22817.0 251.3 3172.1 1408.0 6974.0 2643.5 

75 1236.6 203.3 6687.2 173.5 24203.2 619.5 3141.5 14817.1 8208.3 9938.5 

125 1577.5 434.4 7669.7 185.3 20846.5 575.9 2755.6 11504.2 9369.8 8969.7 

175 1708.4 497.8 8370.9 235.4 18075.3 1078.4 1709.4 9132.6 9821.1 5051.1 

225 928.7 321.7 9530.6 1217.0 12671.5 2544.2 1104.2 2360.5 6856.8 3042.6 

275 397.4 219.0 15887.6 1102.3 6361.0 1325.8 934.6 3977.4 8596.8 2444.6 

325 0.0 25.9 14826.2 844.8 2563.3 2536.2 801.8 1137.2 5110.6 844.8 

350 0.0 33.0 15347.4 1971.6 530.5 503.0 583.6 1011.1 6347.4 1971.6 

375 0.0 21.1 10032.7 1726.8 389.6 377.8 416.8 589.3 3383.9 1726.8 

 

 

 

Table S.IV.10   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.855 mol·kg-1 UO2SO4 + 2.036 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 3843.6 245.1 9208.1 98.9 34135.7 507.2 5855.8 17449.0 15020.2 3701.5 

75 2127.3 227.4 9193.5 98.4 36178.2 445.2 9555.4 13142.0 13987.8 18790.7 

125 2001.5 274.0 11422.3 99.1 29089.5 278.2 6449.6 8048.8 14925.7 10560.0 

175 2567.2 769.2 13639.1 1346.2 18787.7 1168.6 5359.3 8886.4 19596.9 4375.7 

225 3801.4 727.6 15688.0 1843.1 17814.1 3122.5 2996.2 10239.5 15566.6 10078.1 

275 1839.1 882.8 23845.3 2427.5 11834.1 1928.6 2168.2 9796.9 18743.5 6285.2 

325 0.0 55.6 26835.4 1877.6 12460.6 1829.2 1188.3 1740.0 16415.4 1816.6 

350 0.0 66.8 25601.7 2390.5 12535.6 2348.0 1047.1 2840.6 15622.4 8280.4 

375 0.0 28.8 23929.4 27341.2 10715.7 27229.8 791.4 1440.7 13332.6 1414.8 
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Table S.IV.11   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.567 mol·kg-1 UO2SO4 + 1.349 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 2254.2 136.3 4560.1 58.3 19732.9 172.8 5055.6 10694.7 8063.5 2948.2 

75 969.9 116.8 5502.5 82.1 21100.1 301.4 8645.8 3630.5 8144.2 7544.4 

125 1360.0 202.8 6615.6 73.0 17314.0 252.7 3364.0 4902.3 9107.3 5261.7 

175 1546.6 263.0 7772.8 113.8 13148.4 510.9 2261.0 3011.7 9926.6 3734.0 

225 523.1 155.4 15026.3 675.3 7689.3 1294.1 1699.3 2198.0 9467.8 3165.6 

275 35.6 104.9 19348.0 569.3 3879.6 675.2 1283.3 1181.7 11600.0 4587.0 

325 362.2 356.9 14440.5 1334.5 6143.3 1152.9 288.4 807.9 6698.5 1414.8 

350 0.0 19.4 14308.7 633.3 6489.8 622.6 504.7 1152.3 5293.3 1333.0 

375 253.9 220.2 12466.4 756.9 6193.2 740.3 245.9 338.6 4302.2 1746.6 

 

 

 

Table S.IV.12   Integrated Raman peak areas of uranyl and sulfate species versus temperature for [0.338 mol·kg-1 UO2SO4 + 0.805 

mol·kg-1 H2SO4]  

T / °C UO2
2+ St. Error UO2SO4

0 St. Error  UO2(SO4)2
2- St. Error SO4

2- St. Error  HSO4
- St. Error 

25 2288.8 156.4 6406.7 87.1 25966.1 272.4 3959.6 805.7 9809.9 4471.0 

75 1073.8 203.3 6631.7 178.7 25949.0 556.7 3704.6 21598.4 12290.1 9602.9 

125 1179.5 200.7 4818.4 72.7 12676.6 257.9 2377.0 5232.9 10129.0 5954.7 

175 1215.8 327.7 5551.9 149.7 12390.0 684.9 1682.6 4451.9 10577.6 4648.4 

225 1388.0 109.2 6241.9 82.6 10219.4 1344.3 1458.1 2390.1 8585.8 2715.5 

275 800.0 429.4 9915.9 1245.5 5100.0 880.5 995.4 1439.7 7000.0 2308.5 

325 0.0 19.4 13506.5 369.6 3571.8 394.9 489.0 866.5 7219.1 777.8 

350 0.0 11.5 12657.8 300.1 3748.5 295.3 447.5 940.9 5949.0 1651.1 

375 260.6 172.3 10142.5 498.9 3847.8 358.8 349.8 1384.6 4214.3 2731.4 
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Table S.IV.13   Molalities of aqueous species versus temperature for [0.702 mol·kg-1 UO2SO4 + 0.375 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.207 ± 0.026 0.384 ± 0.086 0.111 ± 0.019 0.291 ± 0.232 0.460 ± 0.232 (2.28 ± 2.16)·10-2 1.06 

75 0.118 ± 0.006 0.361 ± 0.024 0.222 ± 0.023 0.401 ± 1.260 0.350 ± 1.260 (1.40 ± 6.70)·10-2 1.08 

125 0.105 ± 0.006 0.380 ± 0.029 0.217 ± 0.024 0.385 ± 0.516 0.365 ± 0.516 (8.04 ± 15.7)·10-3 1.03 

175 0.104 ± 0.006 0.402 ± 0.030 0.196 ± 0.022 0.411 ± 0.372 0.340 ± 0.372 (2.23 ± 3.17)·10-3 0.98 

225 0.079 ± 0.007 0.450 ± 0.068 0.173 ± 0.036 0.280 ± 0.134 0.471 ± 0.134 (2.77 ± 1.55)·10-4 0.88 

275 0.070 ± 0.010 0.527 ± 0.118 0.105 ± 0.029 0.524 ± 0.176 0.227 ± 0.176 (3.42 ± 2.90)·10-4 0.72 

325 0.022 ± 0.002 0.571 ± 0.062 0.109 ± 0.014 0.435 ± 0.083 0.316 ± 0.083 (2.98 ± 0.98)·10-4 0.64 

 

 

 

Table S.IV.14   Molalities of aqueous species versus temperature for [0.514 mol·kg-1 UO2SO4 + 0.275 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.130 ± 0.036 0.280 ± 0.135 0.104 ± 0.032 0.307 ± 0.214 0.243 ± 0.215 (4.79 ± 5.41)·10-2 0.84 

75 0.061 ± 0.004 0.276 ± 0.024 0.177 ± 0.020 0.308 ± 0.901 0.243 ± 0.902 (1.64 ± 7.75)·10-2 0.78 

125 0.044 ± 0.003 0.290 ± 0.024 0.179 ± 0.020 0.431 ± 0.872 0.120 ± 0.872 (2.36 ± 17.8)·10-2 0.77 

175 0.076 ± 0.006 0.289 ± 0.027 0.149 ± 0.020 0.385 ± 0.537 0.166 ± 0.537 (3.68 ± 13.0)·10-3 0.73 

225 0.061 ± 0.004 0.332 ± 0.026 0.122 ± 0.022 0.397 ± 0.372 0.153 ± 0.372 (1.00 ± 2.61)·10-3 0.64 

275 0.077 ± 0.004 0.357 ± 0.026 0.080 ± 0.011 0.277 ± 0.150 0.274 ± 0.150 (1.29 ± 1.00)·10-4 0.59 

325 0.00 0.484 ± 0.058 0.030 ± 0.008 0.274 ± 0.080 0.276 ± 0.081 (9.69 ± 4.08)·10-5 0.34 
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Table S.IV.15   Molalities of aqueous species versus temperature for [0.317 mol·kg-1 UO2SO4 + 0.169 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.095 ± 0.014 0.169 ± 0.045 0.053 ± 0.010 0.177 ± 0.178 0.162 ± 0.178 (4.24 ± 6.32)·10-2 0.55 

75 0.034 ± 0.003 0.176 ± 0.019 0.108 ± 0.013 0.155 ± 0.761 0.184 ± 0.761 (1.06 ± 6.79)·10-2 0.47 

125 0.042 ± 0.004 0.173 ± 0.020 0.102 ± 0.014 0.204 ± 0.458 0.135 ± 0.458 (7.74 ± 31.5)·10-3 0.47 

175 0.045 ± 0.005 0.177 ± 0.022 0.095 ± 0.015 0.267 ± 0.369 0.072 ± 0.369 (4.58 ± 24.4)·10-3 0.46 

225 0.037 ± 0.003 0.207 ± 0.018 0.072 ± 0.014 0.201 ± 0.278 0.138 ± 0.278 (4.23 ± 10.3)·10-4 0.39 

275 0.025 ± 0.004 0.228 ± 0.056 0.064 ± 0.014 0.248 ± 0.204 0.091 ± 0.205 (2.40 ± 5.75)·10-4 0.35 

325 0.00 0.261 ± 0.073 0.056 ± 0.016 0.183 ± 0.086 0.156 ± 0.087 (9.20 ± 6.72)·10-5 0.28 

 

 

  

Table S.IV.16   Molalities of aqueous species versus temperature for [0.757 mol·kg-1 UO2SO4 + 0.842 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.183 ± 0.007 0.368 ± 0.021 0.207 ± 0.021 0.701 ± 0.222 0.983 ± 0.222 (2.09 ± 0.82)·10-2 1.66 

75 0.134 ± 0.006 0.376 ± 0.023 0.247 ± 0.025 0.936 ± 1.077 0.748 ± 1.077 (1.29 ± 2.38)·10-2 1.63 

125 0.136 ± 0.007 0.397 ± 0.026 0.224 ± 0.024 0.850 ± 0.571 0.834 ± 0.571 (9.57 ± 9.21)·10-3 1.58 

175 0.120 ± 0.006 0.453 ± 0.030 0.183 ± 0.020 0.921 ± 0.403 0.763 ± 0.403 (2.72 ± 1.87)·10-3 1.45 

225 0.085 ± 0.006 0.547 ± 0.061 0.125 ± 0.023 0.568 ± 0.345 1.116 ± 0.345 (2.88 ± 1.98)·10-4 1.26 

275 0.012 ± 0.001 0.658 ± 0.048 0.088 ± 0.011 0.558 ± 0.256 1.125 ± 0.256 (9.39 ± 4.84)·10-5 1.04 

325 0.00 0.638 ± 0.207 0.115 ± 0.041 0.689 ± 0.320 0.995 ± 0.320 (2.82 ± 1.60)·10-4 1.08 

350 0.00 0.717 ± 0.005 0.040 ± 0.215 0.593 ± 0.215 1.091 ± 0.215 (9.62 ± 4.02)·10-4 0.92 

375 0.018 ± 0.001 0.665 ± 0.081 0.075 ± 0.015 0.567 ± 0.250 1.117 ± 0.250 (1.30 ± 0.65)·10-4 1.03 
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Table S.IV.17   Molalities of aqueous species versus temperature for [0.530 mol·kg-1 UO2SO4 + 0.590 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.131 ± 0.006 0.260 ± 0.017 0.139 ± 0.015 0.538 ± 0.246 0.641 ± 0.247 (2.93 ± 1.76)·10-2 1.19 

75 0.064 ± 0.004 0.267 ± 0.021 0.199 ± 0.022 0.665 ± 1.322 0.514 ± 1.323 (1.56 ± 5.08)·10-2 1.15 

125 0.087 ± 0.006 0.274 ± 0.022 0.169 ± 0.019 0.728 ± 0.854 0.451 ± 0.855 (1.28 ± 2.86)·10-2 1.13 

175 0.085 ± 0.006 0.303 ± 0.025 0.143 ± 0.017 0.726 ± 0.537 0.453 ± 0.537 (3.06 ± 4.28)·10-3 1.05 

225 0.069 ± 0.004 0.339 ± 0.023 0.121 ± 0.017 0.653 ± 0.249 0.526 ± 0.251 (6.09 ± 3.75)·10-4 0.97 

275 0.069 ± 0.009 0.407 ± 0.080 0.054 ± 0.015 0.510 ± 0.247 0.669 ± 0.248 (1.25 ± 0.77)·10-4 0.84 

325 0.008 ± 0.001 0.432 ± 0.074 0.090 ± 0.016 0.454 ± 0.129 0.725 ± 0.131 (1.75 ± 0.60)·10-4 0.79 

350 0 0.472 ± 0.007 0.052 ± 0.100 0.337 ± 0.103 0.842 ± 0.103 (4.31 ± 1.42)·10-4 0.71 

375 0.005 ± 0.001 0.470 ± 0.043 0.055 ± 0.007 0.238 ± 0.095 0.941 ± 0.098 (4.36 ± 1.81)·10-5 0.71 

 

 

Table S.IV.18   Molalities of aqueous species versus temperature for [0.326 mol·kg-1 UO2SO4 + 0.363 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.088 ± 0.004 0.157 ± 0.010 0.081 ± 0.009 0.325 ± 0.165 0.401 ± 0.165 (3.11 ± 2.04)·10-2 0.76 

75 0.048 ± 0.003 0.165 ± 0.013 0.114 ± 0.012 0.400 ± 0.625 0.326 ± 0.626 (1.59 ± 3.94)·10-2 0.72 

125 0.055 ± 0.004 0.173 ± 0.015 0.099 ± 0.012 0.438 ± 0.704 0.288 ± 0.704 (9.44 ± 27.6)·10-3 0.69 

175 0.057 ± 0.005 0.182 ± 0.018 0.088 ± 0.013 0.566 ± 0.610 0.160 ± 0.610 (5.31 ± 21.1)·10-3 0.66 

225 0.051 ± 0.003 0.202 ± 0.015 0.073 ± 0.013 0.517 ± 0.309 0.209 ± 0.310 (9.36 ± 15.0)·10-4 0.61 

275 0.018 ± 0.002 0.280 ± 0.050 0.028 ± 0.009 0.443 ± 0.125 0.283 ± 0.126 (1.68 ± 0.89)·10-4 0.46 

325 0.00 0.290 ± 0.065 0.037 ± 0.011 0.399 ± 0.127 0.327 ± 0.128 (1.66 ± 0.85)·10-4 0.44 

350 0.00 0.295 ± 0.004 0.031 ± 0.133 0.316 ± 0.134 0.410 ± 0.134 (3.23 ± 1.73)·10-4 0.43 
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Table S.IV.19   Molalities of aqueous species versus temperature for [0.828 mol·kg-1 UO2SO4 + 1.286 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.211 ± 0.008 0.390 ± 0.022 0.226 ± 0.023 1.021 ± 0.242 1.551 ± 0.242 (1.52 ± 0.45)·10-2 2.19 

75 0.143 ± 0.006 0.398 ± 0.025 0.287 ± 0.030 1.352 ± 1.742 1.220 ± 1.742 (9.12 ± 17.5)·10-3 2.16 

125 0.173 ± 0.008 0.425 ± 0.027 0.230 ± 0.024 1.416 ± 1.087 1.157 ± 1.087 (1.32 ± 1.60)·10-2 2.12 

175 0.162 ± 0.013 0.489 ± 0.061 0.177 ± 0.023 1.442 ± 0.530 1.130 ± 0.530 (3.32 ± 1.99)·10-3 1.97 

225 0.053 ± 0.003 0.675 ± 0.057 0.100 ± 0.016 0.894 ± 0.347 1.678 ± 0.347 (3.41 ± 1.52)·10-4 1.59 

275 0.077 ± 0.006 0.671 ± 0.084 0.079 ± 0.016 1.120 ± 0.362 1.452 ± 0.362 (1.92 ± 0.80)·10-4 1.60 

325 0.00 0.722 ± 0.170 0.105 ± 0.031 0.706 ± 0.268 1.866 ± 0.268 (2.24 ± 0.92)·10-4 1.50 

350 0.00 0.722 ± 0.023 0.103 ± 0.284 0.877 ± 0.284 1.695 ± 0.284 (2.22 ± 0.82)·10-3 1.50 

375 0.00 0.753 ± 0.080 0.075 ± 0.013 0.917 ± 0.490 1.655 ± 0.490 (1.85 ± 1.14)·10-4 1.44 

 

 

Table S.IV.20   Molalities of aqueous species versus temperature for [0.536 mol·kg-1 UO2SO4 + 0.833 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.139 ± 0.007 0.230 ± 0.015 0.167 ± 0.018 0.795 ± 0.245 0.871 ± 0.247 (2.85 ± 1.21)·10-2 1.50 

75 0.059 ± 0.004 0.274 ± 0.021 0.203 ± 0.023 1.027 ± 1.479 0.638 ± 1.479 (1.81 ± 4.93)·10-2 1.39 

125 0.091 ± 0.006 0.287 ± 0.022 0.158 ± 0.018 1.121 ± 1.079 0.544 ± 1.080 (1.80 ± 3.98)·10-2 1.37 

175 0.095 ± 0.006 0.308 ± 0.023 0.133 ± 0.015 1.005 ± 0.460 0.661 ± 0.461 (3.23 ± 2.71)·10-3 1.30 

225 0.103 ± 0.006 0.346 ± 0.024 0.087 ± 0.015 0.987 ± 0.354 0.678 ± 0.355 (8.08 ± 5.16)·10-4 1.21 

275 0.025 ± 0.002 0.478 ± 0.056 0.032 ± 0.008 0.566 ± 0.154 1.099 ± 0.158 (9.16 ± 2.89)·10-5 0.95 

325 0 0.475 ± 0.058 0.061 ± 0.011 0.560 ± 0.120 1.105 ± 0.125 (1.78 ± 0.45)·10-4 0.95 

350 0 0.496 ± 0.006 0.040 ± 0.111 0.327 ± 0.116 1.338 ± 0.116 (4.26 ± 1.52)·10-4 0.91 

375 0 0.470 ± 0.048 0.060 ± 0.009 0.411 ± 0.134 1.254 ± 0.138 (7.91 ± 2.77)·10-5 0.96 



 

 
 

2
2
9
 

Table S.IV.21   Molalities of aqueous species versus temperature for [0.332 mol·kg-1 UO2SO4 + 0.516 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.086 ± 0.004 0.145 ± 0.010 0.100 ± 0.011 0.457 ± 0.177 0.574 ± 0.178 (2.96 ± 1.49)·10-2 0.95 

75 0.049 ± 0.003 0.162 ± 0.012 0.121 ± 0.014 0.614 ± 0.746 0.417 ± 0.746 (1.88 ± 4.06)·10-2 0.89 

125 0.059 ± 0.004 0.175 ± 0.015 0.098 ± 0.012 0.660 ± 0.636 0.371 ± 0.636 (1.23 ± 2.43)·10-2 0.85 

175 0.062 ± 0.005 0.187 ± 0.017 0.083 ± 0.011 0.676 ± 0.355 0.355 ± 0.355 (3.19 ± 3.61)·10-3 0.81 

225 0.037 ± 0.004 0.231 ± 0.041 0.064 ± 0.016 0.515 ± 0.255 0.516 ± 0.256 (4.12 ± 2.91)·10-4 0.72 

275 0.012 ± 0.001 0.295 ± 0.034 0.024 ± 0.006 0.494 ± 0.157 0.537 ± 0.158 (1.18 ± 0.52)·10-4 0.59 

325 0.00 0.320 ± 0.035 0.011 ± 0.011 0.341 ± 0.072 0.690 ± 0.075 (8.68 ± 2.14)·10-5 0.54 

350 0.00 0.339 ± 0.002 0.002 ± 0.164 0.421 ± 0.166 0.610 ± 0.165 (4.20 ± 2.02)·10-4 0.52 

375 0.00 0.329 ± 0.083 0.003 ± 0.003 0.343 ± 0.204 0.688 ± 0.206 (5.82 ± 3.90)·10-5 0.52 

 

 

Table S.IV.22   Molalities of aqueous species versus temperature for [0.855 mol·kg-1 UO2SO4 + 2.036 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.237 ± 0.010 0.350 ± 0.021 0.268 ± 0.027 1.762 ± 0.454 2.310 ± 0.454 (1.14 ± 0.38)·10-2 3.07 

75 0.147 ± 0.007 0.390 ± 0.025 0.318 ± 0.033 1.835 ± 2.469 2.237 ± 2.469 (4.58 ± 7.97)·10-3 2.97 

125 0.134 ± 0.006 0.472 ± 0.029 0.249 ± 0.026 1.905 ± 1.355 2.166 ± 1.356 (1.07 ± 1.02)·10-2 2.82 

175 0.164 ± 0.015 0.537 ± 0.076 0.153 ± 0.022 2.385 ± 0.681 1.686 ± 0.681 (4.23 ± 2.11)·10-3 2.68 

225 0.207 ± 0.020 0.525 ± 0.083 0.123 ± 0.027 1.609 ± 1.091 2.463 ± 1.091 (5.41 ± 4.40)·10-4 2.70 

275 0.087 ± 0.009 0.696 ± 0.106 0.071 ± 0.015 1.691 ± 0.650 2.381 ± 0.650 (2.22 ± 1.06)·10-4 2.35 

325 0.00 0.780 ± 0.088 0.075 ± 0.014 1.474 ± 0.262 2.597 ± 0.262 (5.04 ± 1.09)·10-4 2.19 

350 0.00 0.776 ± 0.018 0.079 ± 0.816 1.464 ± 0.817 2.608 ± 0.817 (4.64 ± 2.98)·10-3 2.20 

375 0.00 0.782 ± 1.224 0.072 ± 0.200 1.347 ± 2.614 2.725 ± 2.614 (1.92 ± 4.15)·10-4 2.18 
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Table S.IV.23   Molalities of aqueous species versus temperature for [0.567 mol·kg-1 UO2SO4 + 1.349 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.169 ± 0.009 0.210 ± 0.015 0.188 ± 0.020 1.147 ± 0.430 1.552 ± 0.435 (1.79 ± 0.85)·10-2 2.10 

75 0.078 ± 0.005 0.272 ± 0.020 0.216 ± 0.024 1.246 ± 1.159 1.453 ± 1.161 (7.74 ± 9.51)·10-3 1.95 

125 0.101 ± 0.006 0.302 ± 0.022 0.164 ± 0.018 1.285 ± 0.750 1.414 ± 0.753 (9.28 ± 7.37)·10-3 1.90 

175 0.110 ± 0.007 0.339 ± 0.025 0.118 ± 0.014 1.336 ± 0.516 1.363 ± 0.520 (2.45 ± 1.34)·10-3 1.81 

225 0.028 ± 0.002 0.487 ± 0.045 0.052 ± 0.010 0.949 ± 0.334 1.750 ± 0.340 (3.38 ± 1.38)·10-4 1.51 

275 0.002 ± 0.004 0.542 ± 0.044 0.022 ± 0.005 1.005 ± 0.409 1.694 ± 0.414 (1.36 ± 0.65)·10-4 1.40 

325 0.020 ± 0.002 0.502 ± 0.073 0.044 ± 0.010 0.719 ± 0.199 1.979 ± 0.209 (2.12 ± 0.64)·10-4 1.48 

350 0 0.518 ± 0.007 0.049 ± 0.163 0.592 ± 0.175 2.107 ± 0.175 (1.13 ± 0.33)·10-3 1.45 

375 0.017 ± 0.001 0.499 ± 0.054 0.051 ± 0.009 0.532 ± 0.227 2.167 ± 0.236 (8.36 ± 3.73)·10-5 1.49 

 

 

Table S.IV.24   Molalities of aqueous species versus temperature for [0.338 mol·kg-1 UO2SO4 + 0.805 mol·kg-1 H2SO4], derived from 

experimental Raman data 

T / °C Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

Ionic 

Strength 

25 0.081 ± 0.004 0.140 ± 0.010 0.117 ± 0.013 0.661 ± 0.306 0.949 ± 0.308 (2.38 ± 1.36)·10-2 1.25 

75 0.043 ± 0.003 0.163 ± 0.013 0.132 ± 0.015 0.934 ± 0.735 0.676 ± 0.736 (1.65 ± 2.22)·10-2 1.19 

125 0.069 ± 0.004 0.174 ± 0.013 0.095 ± 0.011 1.130 ± 0.672 0.480 ± 0.673 (1.91 ± 2.91)·10-2 1.17 

175 0.066 ± 0.005 0.186 ± 0.017 0.086 ± 0.011 1.095 ± 0.494 0.515 ± 0.495 (4.19 ± 4.46)·10-3 1.12 

225 0.072 ± 0.004 0.199 ± 0.014 0.067 ± 0.011 0.845 ± 0.277 0.765 ± 0.279 (5.77 ± 2.86)·10-4 1.08 

275 0.036 ± 0.005 0.273 ± 0.050 0.029 ± 0.007 0.596 ± 0.238 1.014 ± 0.241 (1.03 ± 0.49)·10-4 0.93 

325 0 0.320 ± 0.025 0.018 ± 0.003 0.529 ± 0.075 1.081 ± 0.084 (1.48 ± 0.26)·10-4 0.84 

350 0 0.318 ± 0.003 0.020 ± 0.135 0.462 ± 0.140 1.147 ± 0.140 (6.06 ± 1.96)·10-4 0.85 

375 0.013 ± 0.001 0.302 ± 0.029 0.024 ± 0.004 0.387 ± 0.255 1.222 ± 0.258 (6.93 ± 4.82)·10-5 0.88 
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Table S.IV.25   Fitting parameters of Equation (S.IV.1) to Reactions (IV.1), (IV.2) and (IV.4)  

 A /103 B /103 C D /103  E /106 W 

Reaction (IV.1) -347.9 5.559 0.7149 -1.973 22.54 -2 

Reaction (IV.2) -126.8 2.062 0.2858 -0.739 7.303 -2 

Reaction (IV.4) -107.9 1.91 0.255 -0.683 6.83 1 

 

 

Table S.IV.26   Interaction coefficients in the PHREEQC SIT database version 9b0* 

 Cl-(aq) ClO4
-(aq) NO3

-(aq) 

H+(aq) 0.12 ± 0.01 0.14 ± 0.02 0.07 ± 0.01 

UO2
2+(aq) 0.21 ± 0.02 0.46 ± 0.03 0.24 ± 0.03 

 

 Li+(aq) Na+(aq) K+(aq) 

OH-(aq) -0.02 ± 0.03 0.04 ± 0.01 0.09 ± 0.01 
HSO4

-(aq)  -0.01 ± 0.02  

SO4
2-(aq) -0.03 ± 0.04 -0.12 ± 0.60 -0.06 ± 0.02 

UO2(SO4)2
2-(aq)  -0.12 ± 0.06  

*Refs. 1-3 
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ABSTRACT 

Liquid-liquid phase-separated aqueous solutions of [UO2SO4 + H2SO4] were investigated 

by quantitative Raman methods at temperatures ranging from 350 – 425°C and 25 MPa of applied 

pressure, using quartz-capillary optical cells.  UO2SO4 concentrations varied from 0.3 – 0.8 

mol·kg-1.  The ratio SO4/U was varied from 1 – 3.5 by adding sulfuric acid.  Phase transition 

temperatures were determined by direct visual observation.  A solid phase formed inside the 

uranium-rich phase of solutions of UO2SO4 without added sulfuric acid, and its formation was 

accelerated by localized heating from our laser source.  The solid is presumed to be UO3·H2O(s).  

Deconvolution of the Raman spectra in both the dense and dilute aqueous phases showed that the 

uranyl ion is completely associated into the complexes UO2SO4
0(aq) and UO2(SO4)2

2-(aq).  

UO2SO4
0(aq) is the dominant species at 350 °C, and its relative concentration increases further 

upon heating.  HSO4
-(aq) was found to exist in appreciable concentrations in the dense phase only 

at t ≥ 400 °C.   The concentration of HSO4
-(aq) in the dilute phase was significant at 350 °C and 

increased at 375 °C.  Raising the temperature to 400 °C resulted in no detectable concentration of 

uranium or sulfate species in the dilute phase.  The Raman spectra of the homogeneous phase 

solutions, at temperatures right below phase separation, were used as an external standard to 

quantify the concentrations of the species present in both phases of phase-separated solutions of 

[UO2SO4 + H2SO4]. 

 

 

KEYWORDS: Quantitative Raman spectroscopy; Hydrothermal solutions; Uranyl sulfate; Liquid-

Liquid Phase Separation. 
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V.1   Introduction  

High temperature aqueous UO2SO4 solutions were first studied in the 1950s with the aim 

of developing a nuclear reactor whose core was an aqueous homogeneous solution of uranyl 

sulfate.  However, the discovery1-3 that UO2SO4 solutions separate into two immiscible aqueous 

phases at t ≥ 295 °C, whose phases were either rich or deficient in aqueous uranium species, put 

an impassible upper limit on temperature for that design concept.  Further experimental studies4 

found the lower critical solution temperature (LCST) of phase separation increased with the 

addition of excess sulfuric acid5-6 and hydrostatic pressure,5, 7 but to temperatures still unfeasible 

for an aqueous homogeneous reactor.   

The June 2017 report published by the Canadian Government has highlighted several 

recommendations concerning Canadian leadership in the nuclear sector, including the need to 

foster innovation, research and development “to build new facilities and equipment and/or to 

advance education and research in areas that benefit the sector’s development.”8   Active research 

is currently underway for developing advanced design concepts for Generation IV nuclear reactors, 

with the goal of improved efficiency, safety, and sustainability, while reducing construction costs, 

maintenance costs and nuclear proliferation.  One such design concept is the Supercritical Water-

Cooled Reactor (SCWR).  This design concept is based on proven CANDU-6 technology, but 

incorporates a single direct-cycle light water coolant circuit under an operating pressure of 25 MPa 

whose core outlet temperature is 625 °C in order to improve thermal efficiency.9-10  The direct-

cycle circuit design of the SCWR means that dissolved uranium from fuel failures can come into 

contact with species introduced through condenser leaks (SO4
2-(aq), CO3

2-(aq), Cl-(aq) and  

OH-(aq), among others).11  These species have the potential to be transported throughout the entire 

system and to interact over a very wide temperature range.  Furthermore, the phenomenon known 
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as hideout chemistry12 can concentrate species dissolved in the coolant inside of small crevices in 

reactor materials, which has the potential to create localized hotspots of concentrated uranyl 

solutions.  Under hideout conditions, a concentrated UO2SO4 solution could form, and then 

undergo liquid-liquid phase separation to form localized areas of dense uranium outside of the 

core.  In terms of reactor operations, this phenomenon would have consequences in the areas of 

safety, increased radiological dosage, and potentially high costs from downtime due to required 

maintenance.   

In addition to the industrial interest described above, the uranyl sulfate system is of 

fundamental interest13-15 as a model system for 2-2 electrolytes that exhibit liquid-liquid phase 

separation at high temperature.  Quantitative data on the concentrations of the species present in 

these types of systems are of high interest.  However, experimental challenges arise in 

investigating two-phase systems quantitatively.  Using a Raman active non-complexing reference 

ion of known concentration as an internal standard16 cannot be implemented in two-phase systems, 

as the partition coefficient of the reference ion between the two phases is unknown.   Furthermore, 

the densities of each phase are different, resulting in a disproportionate Raman signal from each 

phase.  Thus, a direct calculation of the concentration of individual species from the Raman 

spectrum is difficult without a method for calibrating the Raman signal arising from each phase.   

The most recent study of phase-separated UO2SO4 solutions is that of Wang et al.,17 which 

employed Raman spectroscopy coupled with sealed fused silica capillary cells.  While their Raman 

instrument was not calibrated to provide quantitative analysis, they were able to provide qualitative 

results on the speciation present in these phase-separated solutions.  Wang et al. did not report any 

solid formation in UO2SO4 solutions as high as 420 °C.  This conflicts with previous reports of a 

solid at these conditions, which was presumed to be UO3·H2O(s).4, 6   



237 

 

No study has investigated the speciation of phase-separated uranyl sulfate solutions at 

elevated pressures, in the absence of a vapour phase.  The present work addresses this issue by 

extending our previous study18 on homogeneous mixtures of uranyl sulfate and sulfuric acid into 

the high temperature, phase-separated regime.  In this work, the temperature dependence of the 

Raman vibrational frequencies of the species UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq)18 was 

extrapolated to these higher temperatures, and the Raman scattering coefficients of these uranyl 

ions relative to HSO4
-(aq)18 were applied to deconvolute and analyze Raman spectroscopic data, 

for the purpose of obtaining the relative speciation of the uranyl ion and its sulfate complexes 

under phase-separated conditions.  Concentrations were then calculated by using the Raman 

spectrum of the same solution at temperatures below the LCST as a calibration standard for the 

phase-separated spectra, together with a reasonable approximation of the solution densities of the 

phase-separated partitions.  These results yield much better-defined thermodynamic data and are 

certainly more applicable to the industrial applications mentioned above. 

 

V.2   Experimental Methods 

 V.2.1   Chemicals and Solution Preparation 

The solutions investigated and their method of preparation have been outlined in detail in 

our previous study on this system.18  Briefly, UO2SO4·3H2O(s) (99+%, IBILabs, lot 9C15650) was 

used to prepare an aqueous (3.201 ± 0.004) mol·kg-1 stock solution using ultrapure water (Direct 

Q5, Millipore, 18.2 MΩ·cm), which was kept under constant stirring.  From this stock solution, 

we prepared the 15 aqueous solutions listed in Table V.1 by addition of appropriate additions of 

ultrapure water and concentrated H2SO4 (99.999%, Sigma Aldrich, Lot SHBD1689V).  The 
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purpose of the added sulfuric acid was to provide a low enough pH to prevent the formation of 

aqueous uranyl hydroxide complexes and solid uranium oxides, as well as to provide a wide range 

of the SO4/U ratio. 

The standardization of the UO2SO4 stock solution is described in our previous 

publication.18  Sulfuric acid was standardized by titration in triplicate using 

tris(hydroxymethyl)aminomethane (TRIS) (>99.9%, Sigma Aldrich, MKBH2024V).  

All solutions were prepared accurately by mass and stored in sealed Pyrex bottles. 

 

 V.2.2   Experimental Raman Techniques 

V.2.2.1   Raman Instrumentation and High Temperature Capillary Cells 

The high-temperature, high-pressure cell and Raman spectrometer used in our laboratory 

has been described in detail in previous publications,16, 18-19 and will only be summarized here. 

Spectra were recorded using a custom Horiba Jobin Yvon LabRAM HR800 system 

coupled to an Olympus confocal microprobe.  The instrument was equipped with an 800 mm focal 

length spectrograph, a 532 nm, polarized 250 mW Nd-YAG continuous wave laser, an edge filter 

with a Stokes edge of less than 120 cm-1, a 1024 × 256 pixel CCD detector, a 1800 line/mm 

holographic grating, a polarizer, a scrambler, and an adjustable slit entry port with widths set to 

200 μm.  All spectra were taken through a 20X magnification objective (SLMPLN, Olympus) from 

Raman back-scattered light.   
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A LINKAM CAP500 stage (Linkam Scientific) coupled with fused silica capillary cells 

was used for Raman measurements.  The unit contained a silver block heating stage with 

removable cover.  The cover had a 1 × 1 × 50 mm square channel milled through it, providing an 

optical window to take Raman measurements.  The CAP500 was coupled to a T95 temperature 

controller.  The temperature probe was calibrated by observing the isobaric boiling points of water 

up to 374 oC, which agreed with those from the IAPWS Scientific Formulation for the equation of 

state for water20  to within the manufacturer’s stated accuracy of ± 0.0035 t/oC (± 1.3 °C at 374 

°C). The optical cells used in this study were fused silica capillary tubing (Molex – Polymicro 

Technologies™, LLC) with an inner and outer diameter of 200 and 360 microns respectively.  The 

preparation of our samples in these capillary tubes is described in detail in our previous study on 

this system.18   

Collection times varied from 2 – 15 seconds, and the number of scans varied from 4 – 9.  

Exposure of the two-phase system to the laser light for longer times caused the dense phase to 

migrate outside of our focal point, or a dense phase to be formed inside the dilute phase.  These 

dynamic effects limited the time frame in which a stable Raman spectrum could be obtained.  

However, any fluctuation in solution composition at our laser focal point was observed as a very 

drastic change in Raman intensity, allowing for immediate rejection of the spectra when this 

occurred.  

 

V.2.2.2   Quantitative Raman Spectra 

Raman spectra were recorded by collecting backscattered laser light through the confocal 

microscope optics in both parallel and perpendicular orientations to the incoming polarized laser 
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light.  This yielded the parallel and perpendicular polarized spectra, I||(ṽ) and I(ṽ), where ṽ is the 

Raman shift.  Theoretically, the isotropic spectrum IIso(ṽ) can be calculated from Equation (V.1).21 

Iso ||

4
( ) ( ) ( )

3
I I I            (V.1)  

However, in practice, the factor preceding I(ṽ) is specific to the optics of the instrument and must 

be determined experimentally. Using the known polarization ratios of CCl4(l) and cyclohexane,22-

23, it was determined that the factor 4/3 should be replaced by 7/6 for a 180° back-scatter orientation 

through our 20X objective lens.  

IIso(ṽ) has the advantage that it contains only Raman bands that correspond to symmetric 

vibrations.  However, IIso(ṽ) contains contributions from Rayleigh scattering and the thermal 

excitation of low frequency modes.  For a spectrum of a solution containing multiple solutes, j, 

each with i vibrational bands, the isotropic spectrum is described by the expression16, 18-19 

 
  

 
3 1 1

Iso Instr o i i j i,j

j i

( )I C B c S          
     (V.2)  

where Si,j is the reduced isotropic Raman scattering factor, CInstr is a constant instrument response, 

and ṽo is the frequency of the incident laser (in wavenumber units).  B is the mathematical 

representation of the Boltzmann distribution, describing the thermal population of low frequency 

excited states, which is given by 

 1 exp
hc

B
kT

 
   

 
         (V.3) 

Contributions from Rayleigh scattering and thermally excited low frequency modes are 

removed in the reduced isotropic Raman spectrum RIso(ṽ),  
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3

Iso Iso o( )R I B    


          (V.4) 

which yields peak areas that are proportional to their respective molarities cj through their reduced 

Raman scattering factors Si,j as shown in Equation (V.5):  

  
Iso Instr j i,j

j i

( )R C c S            (V.5) 

  The reduced isotropic spectra RIso(ṽ) are used for quantitative data treatment because the 

integrated peak areas of the i vibrational bands for a species j, Ai,j, are proportional to the molar 

concentration cj at all temperatures and frequencies through the reduced isotropic Raman scattering 

coefficient Si,j according to the expression  

  
*

i,j i,j j i,j j SolnA S c S m            (V.6) 

Here, mj
* = cj /ρSoln is the specific molality (moles per kilogram of solution), where ρSoln is the 

solution density. 

 

V.2.2.3   Internal and External Raman Standards 

Typically, a non-complexing reference ion of known concentration is used as an internal 

standard (IS) to quantify the concentrations of species in a homogeneous solution.16, 18-19  If the 

relative Raman scattering coefficient between the two species is known, one can relate the 

concentration of species i to the concentration of the IS through the ratio  

 
*

i i i i i

*

IS IS IS IS IS

A S c S m

A S c S m
 

           
(V.7)
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where the density terms from species i and IS cancel, because it is the same solution.   

However, the appearance of a two-phase system causes any reference ion to partition 

between the two phases in an unknown concentration ratio.  Furthermore, the non-complexing 

internal standards typically used for aqueous Raman spectroscopy tend to be thermally unstable at 

these high temperatures.16  Thus, internal standards are impractical for two-phase systems.  If a 

separate Raman spectrum at different thermodynamic conditions were used as an external standard 

(ES), an expression nearly equivalent to (V.7) would apply,  

 
*

Soln, ii i i i i

*

ES ES ES ES ES Soln, ES

A S c S m

A S c S m




            

(V.8)
 

with the exception that the densities of the solutions pertaining to each Raman spectrum are not 

equivalent.  However, the solution densities of the uranium-rich and water-rich phases are also not 

equivalent.  For this reason, the concentrations in the two-phase region are first reported using the 

portion of Equation (V.8) that relates the molarities ci (moles per litre) to the Raman integrated 

areas.  Solution densities of the two-phases were then calculated in order to convert the molarities 

to the more widely used molality (moles per kilogram of solvent) concentration unit.  

 

V.2.2.4   Deconvolution of Raman Spectra 

Band positions and integrated areas were obtained by iterative deconvolution using the 

curve-fitting program contained in OriginPro v9.0 (OriginLab Corporation) using convergence 

criteria of 10-6 or better, and Voigt functions for all bands.  Linear baselines anchored at 700 and 

1200 cm-1 were used for baseline subtraction, as these frequencies contained no signal from the 



243 

 

species investigated here.   The band positions and linewidths of UO2
2+(aq), UO2SO4

0(aq) and 

UO2(SO4)2
2-(aq) were held fixed to high temperature extrapolations from trends derived in our 

previous study for these species.18   

 

V.3   Experimental Results 

 V.3.1   Liquid-Liquid Phase Transition Temperatures 

Figure V.1 presents photomicrographs of the direct visual observation of liquid-liquid 

phase-separated [UO2SO4 + H2SO4] solutions in our fused silica capillary cells.  Because the 

solutions were all maintained at 25 MPa, no vapour phase was observed.  In all cases, the formation 

of a dense, uranium-rich phase was observed by the appearance of small yellow-coloured droplets 

inside the aqueous phase, whose volume grew as temperature increased.   

The phase transition temperatures were recorded by bringing our solution up to near-

transition temperatures, and then heating at a rate of 0.5 °C/minute, with the transition temperature 

recorded when two phases were first observed.  The results are listed in Table V.1.  The transition 

temperatures listed in Table V.1 are elevated from the lowest critical solution temperature (LCST) 

observed by previous authors because of both the applied pressure as well as the specific 

concentrations of uranyl sulfate and sulfuric acid.7, 17  According to the results of Marshall and 

Gill, [UO2SO4 + H2SO4] solutions experience an increase in their LCST that is linear with pressure, 

at a rate of 0.0075 °C/MPa.5  At 25 MPa, an increase of ~19 °C is expected due to the applied 

pressure alone.  However, the specific concentrations of UO2SO4 and H2SO4 also effect the phase 

separation temperature.4-5  No direct comparison could be made between the values in Table V.1 
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and previous literature results, but the qualitative trends in Table V.1 are comparable.  An increase 

in the phase-separation temperature was observed with an increase in sulfuric acid concentration, 

consistent with literature results.4  Phase separation temperatures were nearly constant for solutions 

whose sulfate to uranium ratio SO4/U = 1 – 1.5, but decreased with uranium concentration for 

solutions where SO4/U = 2 – 3.5 (with the exception of Solution 11), also consistent with the trends 

observed in the literature.4 

 

 V.3.2   Attempted Raman Spectra of Phase-Separated UO2SO4 Solutions 

 In all cases, applying the 532 nm laser to solutions containing no added sulfuric acid at 

phase-separated temperatures and above caused a solid precipitate to form, either in the uranium-

rich liquid phase (Figure V.2), or on the inner surface of the capillary tube (Figure V.3).  Solids 

were not observed at temperatures where the solutions were homogeneous, implying that the 

presence of the dense phase is required for solid formation.  The solid caused diffuse scattering 

of the laser light, preventing any collection of a Raman spectrum.  In some instances, solid 

precipitates were observed to form at a much slower rate prior to lasing (Figure V.4), induced by 

simply holding the solution at phase-separated temperatures for prolonged periods.  Regardless 

of whether the solid was formed due to prolonged high temperatures or from laser exposure, it 

was always observed in the uranium rich phase, as shown in Figures V.2 and V.4.   

 Our experience is that solid formation occurred slowly when the phase-separated solution 

is held at fixed temperature (on the timescale of 15 – 30 minutes), and was rapidly accelerated 

during laser exposure (a few seconds), which is presumed to be a kinetic effect due to localized 

heating from the laser light, or from photo-catalysis.   
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The solid phase is thought to be UO3·H2O(s),4 as discussed in Section V.4.1.   

 

 V.3.3   Raman Spectra of Phase-Separated [UO2SO4 + H2SO4] Solutions 

We observed that the addition of sulfuric acid suppressed solid formation up to 

temperatures as high as 425 °C, consistent with the trends observed in the ternary UO3-SO3-H2O 

phase diagrams of Bohlmann et al. from 25 – 200 °C.4  This allowed for the collection of Raman 

spectra of the dense and dilute phases of [UO2SO4 + H2SO4] solutions up to these conditions.  An 

example of a typical Raman spectra of the uranium-rich and water-rich phases is shown in Figure 

V.5.   

The phase-separated spectra were deconvoluted by using a high temperature extrapolation 

of the highly linear temperature dependence of the band positions of UO2
2+(aq), UO2SO4

0(aq) and 

UO2(SO4)2
2-(aq) from our previous study on this system.18  Figures V.6 to V.11 show examples of 

the deconvolution of Raman spectra of the uranium dense and dilute phases, respectively.  From 

visual inspection, the sulfate region (950 – 1100 cm-1) was chosen to be deconvoluted using three 

Voigt functions.  From our previous work on the uranyl sulfate system, these peaks likely stem 

from S-O stretches of sulfate bound to the uranyl ion, or from free HSO4
-(aq) or (to a much lesser 

extent) SO4
2-(aq).18  The use of additional peaks in this region caused significant dependence in 

band parameters, making convergence difficult.  In addition, the uncertainties in the integrated 

areas using three Voigt functions were high, and use of more peaks in this area results in even 

higher uncertainties.  With the exception of HSO4
-(aq), no attempts were made to quantitatively 

analyze the peaks in the sulfate region.   
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 V.3.4   Relative Speciation of Phase-Separated [UO2SO4 + H2SO4] Solutions 

The deconvoluted spectra can be analyzed to calculate the relative fraction of uranium as 

UO2
2+(aq), UO2SO4

0(aq) or UO2(SO4)2
2-(aq) by use of the Raman scattering coefficients of these 

three uranyl species relative to the same reference ion.  Because the formal concentration of 

uranium ST

Uc  is equal to the sum of all three uranyl species in solution,  

2 0 2
2 2 4 2 4 2( )

ST

U UO UO SO UO SO
c c c c   

       
(V.9)

 

then the fractional speciation of uranium in solution as the complex UO2SO4
0, β, is defined as  
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(V.10)

 

From Equation (V.7), the concentration of UO2SO4
0(aq), using HSO4

-(aq) as the reference species, 

is  
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Substituting the equivalent of Equation (V.11) for each of the three uranyl species in Equation 

(V.10) yields
18  
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where the term 
4 4

/
HSO HSO

c A   cancels.  An equivalent formula can be derived for the fractional 

speciation as UO2(SO4)2
2-(aq): 
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(V.13)

 

The fraction present as UO2
2+(aq) is then (1 - β - γ).18   

Table V.2 lists the calculated relative speciation of uranyl species in both the dense and 

dilute phases for which a Raman spectrum could be obtained, using the temperature-independent 

scattering coefficients from the homogeneous phase study on this sytem.18  These data are 

displayed graphically in Figures V.12 – V.15, together with data from the homogeneous phase.18 

 

 V.3.5   Calculated Molarities of Phase-Separated [UO2SO4 + H2SO4] Solutions 

As explained above, it was not possible to use an internal standard in the phase-separated 

region because the partition of the reference ion across the two phases could not be determined.  

To address this issue, the standard used for calibration of the phase-separated Raman spectra are 

the spectra obtained during our previous study of the homogeneous phase of this system,18 since 

these spectra were obtained from the same solution, in the same capillary cell, but at temperatures 

below the liquid-liquid phase transition.   

The molarity of UO2SO4
0(aq) in a phase-separated solution x, relative to the known 

molarity of UO2SO4
0(aq) in the homogeneous phase solution,  is given by Equation (V.14),  
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       (V.14) 

where the scattering coefficient terms cancel out since we are dealing with the same species.  

UO2SO4
0(aq) was chosen as the reference species as it is the predominant species in solution, 

resulting in the lowest uncertainty in its Raman peak.   

Once the molarity of UO2SO4
0(aq) in the phase separated solution was determined, the 

molarities of UO2
2+(aq) and UO2(SO4)2

2-(aq) can be directly calculated using the relative percent 

speciation listed in Table V.2.  The concentration of HSO4
-(aq) is calculated with Equation (V.7), 

using the experimental integrated areas of the UO2SO4
0(aq) and HSO4

-(aq) band, and the known 

relative Raman scattering coefficient 0
2 4 4

/
UO SO HSO

S S   = 3.09 ± 0.13.18  The molarity of SO4
2-(aq) 

was neglected, as it is a minor species at these temperatures.18  The concentration of H+(aq) was 

then calculated by charge balance.   

Table V.3 lists the experimental molarities of the homogeneous phase solutions used as 

external standards for the phase-separated Raman spectra of Solutions 4 – 15, which were the 

Raman spectra of each solution obtained before phase separation occurred.  Tables V.4 and V.5 

lists the calculated molarities of UO2
2+(aq), UO2SO4

0(aq), UO2(SO4)2
2-(aq), HSO4

-(aq) and H+(aq) 

for the dilute and dense phases, respectively.  Also listed in these tables is a “Concentration 

Factor”, which is the ratio of the total concentration of all uranyl species in one phase relative to 

its co-existing phase, for solutions where a Raman spectrum was obtainable for both phases. 
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V.3.6   Calculated Molalities of Phase-Separated [UO2SO4 + H2SO4] Solutions 

Knowledge of the solution density is required in order to convert from molarity to specific 

molality according to Equation (V.6).  Once specific molalities are calculated, it is a 

straightforward calculation to obtain molalities. 

Solution densities were calculated from 25 – 350 °C from the standard partial molar 

volumes and concentrations of each individual species as outlined by Zimmerman et al.24  The 

solution volume Vs (m
3·kg-1) is given by the expression  

0

6

1 ln(1 )

10
s i i V

iW

I b I
V mV A

b


          (V.15) 

where
W is the density of water (kg·m-3),20 mi the molal concentration of species i (mol·kg-1), 

0

iV  

its standard partial molar volume (m3·mol-1), VA is the Debye-Hückel limiting slope for the 

apparent molar volume at the experimental temperature and pressure (cm3·kg1/2·mol-3/2),25 I is the 

ionic strength (mol·kg-1), and b = 1.2 kg1/2·mol-1/2.  The solution density s  is then 

1000

i i

i
s

S

m M

V
 


          (V.16) 

where Mi is the molar mass (g·mol-1) of species i.  Standard partial molar volumes were calculated 

from the Helgeson-Kirkham-Flowers (HKF) equation of state,26-27 using the dielectric constant of 

water of Fernandez et al.28 and literature values of the HKF parameters of UO2
2+(aq),29 SO4

2-(aq),30 

and HSO4
-(aq).30   
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Unfortunately, no HKF parameters could be found in the literature for UO2SO4
0(aq) or 

UO2(SO4)2
2-(aq).  For the latter, HKF parameters of UO2(CO3)2

2-(aq)29 were used as an estimation, 

as it is the most structurally similar uranyl species in the literature.  The standard partial molar 

volumes of UO2SO4
0(aq) were calculated from the experimental densities of a 1 mol·L-1 UO2SO4 

solution reported by Bell et al.,31  in the temperature range 225 °C – 374 °C.  This temperature 

range was selected based on the results of chemical speciation calculations using the uranyl sulfate 

formation constants derived in our previous study,18 which determined that the speciation of the 

uranyl sulfate solution investigated in Ref. 31 are predominantly the UO2SO4
0(aq) species (95% 

or more) from 225 °C – 374 °C.  The standard partial molar volume was calculated by32   

0
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         (V.17) 

where ρ is the uranyl sulfate solution density.  For extrapolation up to 425 °C, the values obtained 

from Equation (V.17) were then fitted by linear regression using the model by Criss and Wood33  

0
2 4

0

TUO SO
V A B RT CT           (V.18) 

where 
T  is the isothermal compressibility, R is the gas constant, T is the temperature, and A, B 

and C are fitting parameters.  The linear regression produced the values A = (222.8 ± 50.7) 

cm3·mol-1, B = (27.9 ± 17.3)·10-3 and C = (-0.415 ± 0.096) cm3·mol-1·K-1.  

Figure V.16 displays the densities calculated by Equations (V.15) and (V.16) for Solutions 

4 – 15 of the homogeneous phase [UO2SO4 + H2SO4] solutions in Table V.1.  As can be seen in 

Figure V.16, Equations (V.15) and (V.16) fail to predict reasonable densities above 350 °C, likely 

because the HKF parameters of the species in solution are calculated from experimental data whose 
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temperature range does not exceed 350 °C.  Thus, solution densities in the temperature range 375 

– 425 °C must be calculated separately.  Solution volumes Vs (cm3) in this temperature range were 

calculated using the simple expression  

2  

*

s H O i i

i

V V nV           (V.19) 

where 
2

*

H OV  is the volume of water (cm3), ni is the number of moles of species i, and 
 i

V
 are the 

apparent molar volumes of species i (cm3·mol-1) at the appropriate temperature, pressure and 

concentration.  The solution density was then calculated by  
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n M
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          (V.20) 

The species included in calculations using Equation (V.19) were HSO4
-(aq), UO2SO4

0(aq) 

and UO2(SO4)2
2-(aq), as the concentrations of UO2

2+(aq) and SO4
2-(aq) are negligible from 375 – 

425 °C, and 0
H

V
    by definition.  The apparent molar volumes of HSO4

-(aq) were calculated 

from the densities of H2SO4 solutions at the pressure, temperature, and HSO4
-(aq) concentrations 

listed in Tables V.4 and V.5 using the software package OLI Studio 9.5.2 (MSE Databank).  Since 

no concentration dependent data exist for the density of UO2SO4 solutions, the apparent molar 

volume of UO2SO4
0(aq) was approximated by the standard partial molar volume,  

0 0
2 4 2 4

0

 UO SO UO SO
V V


.  The apparent molar volume of UO2(SO4)2
2-(aq), which is in all cases a minor 

species, was approximated to be equal to the sum of that of UO2SO4
0(aq) and HSO4

-(aq).   
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Tables V.6 and V.7 list the calculated densities of the water-rich and uranium-rich phase-

separated solutions calculated from Equation (V.19) and (V.20), as well as the subsequent 

molalities of all relevant species in solution.   

 

V.4   Discussion 

 V.4.1   Solid Formation in UO2SO4 Solutions 

 Previous authors have reported the formation of the α and β polymorphic forms of 

UO3·H2O(s) in very dilute homogeneous UO2SO4 solutions at elevated temperatures.  At t ≥ 250 

°C, excess acid is required to prevent the formation of solids via Reaction (V.21).4, 6   

 UO3(s) + 2H+(aq) → UO2
2+(aq) + H2O(l)      (V.21) 

However, the ternary phase diagrams of Bohlmann et al.4 were measured under very dilute 

conditions (99 – 100 weight % H2O), and did not extend to phase-separated temperatures.  Their 

phase diagrams imply that UO3·H2O(s) would form in the dilute phase, brought on by the 

decreasing solubility of the solid in high temperature water.  It is our experimental observation 

that with no laser exposure, the solid formed slowly, and exclusively in the dense phase, as seen 

in Figure V.4.  Once formed, the solid did not migrate out of the dense phase, although this may 

simply be a surface tension effect.  No solids were observed in the dilute phase during our 

observational timescale (1 – 2 hours).  As mentioned above, exposure of the phase-separated 

solution to the laser light caused very rapid formation of the solid phase.  We conclude that the 

formation of this solid phase is either rapidly sped up by localized heating from our laser source, 
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or is accelerated by a photo-catalysis effect.  Unfortunately, attempts to obtain a Raman spectrum 

of the solid failed due to diffuse scatter of the laser light.  

 Interestingly, Wang et al.17 did not report the formation of any solid in high temperature 

UO2SO4 solutions, and their experimental conditions were identical to ours except that their 

solutions were held at saturation vapour pressure, and these authors used a lower laser power of 

9.5 mW.  The pressure difference cannot account for this discrepancy, as previous literature results 

were also at Psat and observed solid formation.4  Our Raman instrument provided a laser power of 

100 – 110 mW to the sample surface, and reducing the laser power by as much as ¼ was not 

sufficient to eliminate rapid solid formation.  Further reduction of our laser power was not 

attempted because longer collection times would have increased the likelihood of dynamic 

movement of the dense and dilute phases outside of the focal point of the laser microprobe.  While 

a 9.5 mW laser power may have been sufficient to avoid the laser-induced rapid formation of 

solids, it is unclear why the prolonged exposure to high temperature did not cause solids to form 

in the study of Wang et al.       

 

 V.4.2   Description of Spectra and Deconvolutions of Phase-Separated Solutions 

 As can be seen in Figure V.5, the Raman spectra of both the dense and dilute phases show 

strong bands in the range 800 – 900 cm-1 and less intense bands in the 950 – 1100 cm-1 range.  The 

bands in the 800 – 900 cm-1 region are the fundamental ν1 uranyl symmetric stretch of the species 

UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq).17-18  The less intense Raman bands in the 950 – 

1100 cm-1 region are likely due to S-O stretches of sulfate species bound to the uranyl ion or from 

unspeciated HSO4
-(aq), as seen in previous studies on the uranyl sulfate system.17-18   
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 The most useful sulfate bands for speciation calculations are the fundamental ν1 band of 

HSO4
-(aq) at ~1050 cm-1 and the ν1 band of SO4

2-(aq) at ~985 cm-1.  The deconvoluted bands had 

considerable uncertainties in both wavenumber position and integrated area in the sulfate region.  

Only the band corresponding to HSO4
-(aq) provided any meaningful results. 

 Deconvolutions in the uranyl region, as shown in Figures V.6 – V.11, were performed by 

assuming that the band positions of UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq) in phase-

separated solutions follow the same linear temperature dependence as those in homogeneous 

solutions.  This approach was deemed appropriate due to the highly linear nature of the band 

position of these species observed over a wide temperature range in the homogeneous phase,18 as 

well as into the phase-separated regime.17  As seen in Figures V.6 and V.8, HSO4
-(aq) was a minor 

species in the dense phases from 350 – 375 °C.  Thus, very little uncomplexed sulfate exists in the 

dense phase.  Appreciable amounts of excess sulfate species are only observed in the dense phase 

at 400 °C and above.  

 As shown in Figures V.6 – V.9, between 350 – 375 °C, the concentration of HSO4
-(aq) 

relative to that of all uranium species is larger in the dilute phase than in the dense phase.  The 

observation of an increase in HSO4
-(aq) in the dilute phase as temperature increases is consistent 

with literature, indicating the dilute phase has an excess of sulfuric acid.1, 17  At 400 °C, the 

concentration of aqueous species in this phase is below the detection limit of our Raman instrument 

(less than ~0.05 mol·kg-1).     
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 V.4.3   Relative Speciation of Uranyl Species 

Figures V.12 – V.15 combine the results for the relative speciation of the homogeneous 

phase18 with both the dense and dilute phase-separated solutions as a function of temperature.  As 

can be seen in Table V.2, and graphically in Figures V.12 – V.15, the predominant uranium species 

is UO2SO4
0(aq) at 350 °C, with a minor (~10%) fraction of UO2(SO4)2

2-(aq).  As temperature 

increases, the fraction of UO2SO4
0(aq) increased further at the expense of UO2(SO4)2

2-(aq).  The 

band corresponding to UO2
2+(aq) was in all cases statistically insignificant. 

Furthermore, no discontinuity in speciation is observed when transitioning from the 

homogenous phase to either phase in binary liquid solutions.  In fact, speciation appears to follow 

a smooth trend over this phase transition.  Furthermore, the relative speciation of the uranium-rich 

and water-rich phases are roughly equivalent.   

As can be seen in all of these Figures, the concentration of UO2
2+(aq) decreased quite 

rapidly until 325 °C, at which point the species was undetectable by our Raman instrument.  

Concentrations of UO2SO4
0(aq) increased steadily with temperature, while that of UO2(SO4)2

2-(aq) 

decreased steadily.  These observations are not surprising considering the properties of water 

versus temperature; a rapidly decreasing dielectric constant and hydrogen bonding network34 

makes water less able to solvate charged species, so that neutral species predominate at high 

temperature.  Extrapolating to higher temperature, UO2SO4
0(aq) is likely to be the only statistically 

significant species at around 450 – 500 °C for the solution concentrations investigated here.   
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 V.4.4   Calculated Concentrations of [UO2SO4 + H2SO4] Phase-Separated Solutions 

As discussed above, the only practical choice for an external standard for the Raman 

spectrum of a phase-separated solution was the Raman spectrum of the same solution at a 

temperature where only one homogeneous phase is present, since both spectra were collected with 

the same capillary cell, on the same day, with identical experimental conditions.  However, the 

concentrations of the homogeneous phase solutions are reported in units of mol·kg-1.18  Thus, we 

must convert the homogeneous phase concentrations to molarity units, which requires the solution 

densities.   

The approach outlined by Zimmerman et al.24 for calculating solution densities is reliable, 

provided that the standard partial molar volumes calculated from the HKF equation of state26-27 

are accurate, and the ionic strengths are not very large.  The parameters in the HKF model were 

determined empirically, and therefore the accuracy of values calculated from these parameters are 

restricted to the experimental conditions from which the HKF parameters were obtained.  The 

HKF parameters for HSO4
-(aq) and SO4

2-(aq) reported by Shock and Helgeson27 were calculated 

from experimental data that included the solubility measurements of CaSO4(s) in sulfuric acid 

solution, which extends up to 350 °C and high ionic strengths.35  The estimation of the HKF 

parameters of UO2(SO4)2
2-(aq) from that of UO2(CO3)2

2-(aq) only introduced minor error, as the 

concentration of UO2(SO4)2
2-(aq) is small.  The standard partial molar volumes of UO2SO4

0(aq) 

are estimated to be equal to the apparent molar volume of a 1 mol·L-1 solution in the range 225 – 

374 °C, which is a reasonable assumption since the only species present is the neutral species 

UO2SO4
0(aq), meaning the ionic strength dependence of the partial molar volume is very small.  

Thus, densities calculated from Equations (V.15) and (V.16) are reliable up to 350 °C.    
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Since the Raman spectra of the homogeneous solutions used as external standards are at 

325 – 350 °C, using the method of Zimmerman et al.24 to calculate the molarities in Table V.3 are 

reliable.  Since no assumptions are involved in calculating the molarities of the uranium-rich and 

water-rich phases listed in Tables V.4 and V.5, these values are also reliable.   

Converting the concentration units of mol·L-1 found in Tables V.4 and V.5 to the more 

familiar mol·kg-1 concentration unit requires calculating the densities of the uranium-rich and 

water-rich phases at 350 – 425 °C.  At temperatures above 350 °C, the approach of Sedlbauer et 

al.,36 using the approximations of Sharygin et al.,37 was attempted for estimating the standard 

partial molar volumes of ions and neutral species in solution, in order to estimate the densities of 

the phase-separated solutions using Equation (V.15).  For the water-rich phase, calculated densities 

were within 0.5% of those listed in Table V.6.  However, no mathematical solution existed when 

applying Equations (V.15) and (V.16) to the concentrations of the uranium-rich phase, which may 

be due to the simplistic ionic strength dependence displayed in Equation (V.14), or that the 

assumptions by Sharygin et al.37 simply do not apply here. 

Densities calculated at 350 °C using the simple relationship in Equations (V.19) and (V.20) 

deviate by only 2.4% to those calculated by the method of Zimmerman et al., and produces realistic 

densities in the range 350 – 425 °C.  These densities are, of course, approximate, since they were 

calculated under the assumption that the apparent molar volumes of HSO4
-(aq) and UO2SO4(aq), 

determined from the densities of separate solutions, can be added together in a simple expression 

to calculate the density of a [UO2SO4 + H2SO4] mixture.  Thus, the molalities listed in Table V.6 

and V.7 may carry some uncertainty, which we estimate at ± 10%.  Accurate knowledge of the 

densities of phase-separated [UO2SO4 + H2SO4] solutions would certainly enhance the accuracy 
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of the conversion from the molarity to molality concentration scale.  Unfortunately, our apparatus 

is not equipped to measure these values.  

 

V.4.5   Comparison of Results to Previous Literature 

The only other investigations into the concentrations of phase-separated UO2SO4 solutions 

is that of Jones and Marshall1 and Wang et al.,17 which are both investigated at saturation vapour 

pressure.  Jones and Marshall reported the quantitative concentrations of uranium and sulfur 

species in phase-separated UO2SO4 solutions up to 350 °C, but do not specify the initial 

homogeneous phase concentrations.  Their initial concentrations are 1.2 – 1.5 mol·L-1 UO2SO4, 

and they also state their initial concentrations are “…stoichiometric UO2SO4, to some of which an 

excess of H2SO4 or UO3·H2O was added”.  Thus, no direct comparison can be made.  Wang et al. 

report only qualitative trends of phase-separated solution compositions up to 420 °C for 0.18 – 

1.07 mol·kg-1 UO2SO4 solutions, but their solutions do not use excess sulfuric acid.  Because the 

phase separation temperature depends on pressure5, 7 and H2SO4 concentration4, 6, 38 it is difficult 

to directly compare our results to those listed above.  In other words, pressure and concentration 

directly affect the phase diagram.   

Despite the results of Wang et al. being qualitative, several comparisons and conclusions 

can be made from their study.  They report that the Raman signal from dissolved uranium species 

in the dilute phase decreases at temperature increases, meaning the dilute phase becomes less 

concentrated as temperature increases, consistent with Jones and Marshall as well as the findings 

reported here.  However, Wang et al. detected no Raman signal from dissolved uranium species 

in the dilute phase at 370 °C, while ours persisted up to 400 °C, which is due to either the added 
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pressure or excess sulfuric acid used in our experiments.  Turning now to the dense phase, both 

the Raman spectra reported here as well as by Wang et al. show that the concentration of UO2
2+(aq) 

is negligible, meaning all the dissolved uranium is complexed as UO2SO4
0(aq) or UO2(SO4)2

2-(aq).  

In the case of Wang et al., formation of the disulfate species necessitates the formation of an 

equivalent amount of UO2
2+(aq) (or possibly a uranyl hydroxide species) because equimolar 

UO2SO4 solutions were investigated.  Because the concentration of UO2
2+(aq) was shown to be 

negligible at high temperature, the Raman signal in the sulfate region observed by Wang et al. 

stem from uranyl sulfate complexes alone.  These sulfate peaks are certainly much broader than 

those in room temperature, homogeneous phase solutions.18  While the S-O bands are only medium 

to low intensity compared to those from uranyl species, the decreased resolution observed in the 

dense phase Raman spectra is likely due to inhomogenous broadening effects from the local 

environment.  The same sort of broad, unresolvable sulfate region is observed in spectra reported 

in this work, except for spectra where HSO4
-(aq) is in large excess.  It is for this reason that only 

the HSO4
-(aq) band was used for any quantitative determination of concentration.   

 

V.5   Conclusions 

This report provides further insight on liquid-liquid phase-separated mixtures of UO2SO4 

and H2SO4 from 350 – 425 °C at a pressure of 25 MPa.  Phase transition temperatures have been 

reported for the solution compositions in Table V.1.  The formation of a solid phase in UO2SO4 

solutions at high temperatures is consistent with UO3·H2O(s) as postulated in previous studies.  

Using previously determined temperature dependent Raman vibrational frequencies for UO2
2+(aq), 
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UO2SO4
0(aq) and UO2(SO4)2

2-(aq), as well as their Raman scattering coefficients relative to  

HSO4
-(aq), allowed for the accurate deconvolution of Raman spectra obtained of the phase-

separated solutions.  These deconvolutions show that in both uranium dense and dilute phases, the 

uranyl ion is totally associated into predominately UO2SO4
0(aq) and a minor concentration of 

UO2(SO4)2
2-(aq).  As temperature increases from 350 to 400 °C, UO2SO4

0(aq) further concentrates 

as the disulfate species disappears.  Uranyl speciation trends from 25 – 425 °C show that each 

uranyl species follows a surprisingly smooth behaviour over the phase separation temperature, 

with no sudden change in speciation when transitioning to a very different solvation environment.  

We also show that the uranium dense phase is deficient in HSO4
-(aq) up to 400 °C, at which point 

its concentration begins to rise again.  For species in the dilute phase, HSO4
-(aq) exists as a 

significant species at the phase separation temperature, and further concentrations as temperature 

increases, until all uranium is lost from the dense phase, at which point the solution is 

predominantly supercritical water.   

Accurate molarities of phase-separated solutions were determined by a novel approach, 

using the highest temperature homogeneous Raman spectra of the same solution, at temperatures 

below phase-separation, as an external standard.   Molalities of the phase-separated solutions have 

been calculated by using a simple expression for the density of each phase-separated solution 

phase.  Accurate knowledge of the density of each phase-separated solution would benefit the 

accuracy of the reported molalities.  Regardless, the methodology in calculating the molarities in 
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this manuscript are quantitative, and demonstrate a novel approach in determining quantitative 

concentrations of phase-separated aqueous solutions by Raman spectroscopy.  
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Figure V.1   Visual observations of phase-separated solutions at their phase boundary temperature.  

Left: [0.54 mol·kg-1 UO2SO4 + 1.37 mol·kg-1 H2SO4]; Right: [0.76 mol·kg-1 UO2SO4 + 1.60 

mol·kg-1 H2SO4].  In all cases, the yellow colored phase is the uranium dense phase.   
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Figure V.2   Visual observations of laser-induced particulate formed in 0.667 mol·kg-1 UO2SO4.  

Left:  Persistence of particulate at liquid-liquid phase separation temperature, 341.5 °C.  Right: 

continued persistence of particulate to 400 °C, and its preferential segregation to the uranium dense 

phase.     
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Figure V.3   Observation of laser-induced formation of particulate on the inner surface of fused 

silica capillary tubes, localized to the laser focal site.   
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Figure V.4   Visual observation of the temperature-induced formation of particulate in the dense 

phase of the 0.667 mol·kg-1 UO2SO4 solution. 
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Figure V.5   Undeconvoluted Raman spectra of the dense phase (black, 2s acquisition, 4 scans) 

and dilute phase (red, 2s acquisition, 4 scans) of a [0.702 mol·kg-1 UO2SO4 + 0.375 mol·kg-1 

H2SO4] solution at 375 °C and 25 MPa, showing the uranyl (800 – 900 cm-1) and sulfate (950 – 

1100 cm-1) regions. 
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Figure V.6   Deconvoluted Raman spectrum of the dense phase of the [0.702 mol·kg-1 UO2SO4 + 

0.375 mol·kg-1 H2SO4] solution at 350 °C and 25 MPa.  The spectrum was obtained with a 2s 

exposure time, 4 acquisitions to reduce noise, and using the D1 (¼ intensity) filter. 
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Figure V.7   Deconvoluted Raman spectrum of the dilute phase of the [0.702 mol·kg-1 UO2SO4 + 

0.375 mol·kg-1 H2SO4] solution at 350 °C and 25 MPa.  The spectrum was obtained with a 15s 

exposure time, 4 acquisitions to reduce noise, and using the D1 (¼ intensity) filter. 
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Figure V.8   Deconvoluted Raman spectrum of the dilute phase of the [0.317 mol·kg-1 UO2SO4 + 

0.169 mol·kg-1 H2SO4] solution at 375 °C and 25 MPa.  The spectrum was obtained with a 10s 

exposure time, 4 acquisitions to reduce noise, and using no intensity filter. 
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Figure V.9   Deconvoluted Raman spectrum of the dilute phase of the [0.317 mol·kg-1 UO2SO4 + 

0.169 mol·kg-1 H2SO4] solution at 375 °C and 25 MPa.  The spectrum was obtained with a 10s 

exposure time, 4 acquisitions to reduce noise, and using no intensity filter. 
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Figure V.10   Deconvoluted Raman spectrum of the dilute phase of the [0.757 mol·kg-1 UO2SO4 

+ 0.842 mol·kg-1 H2SO4] solution at 400 °C and 25 MPa.  The spectrum was obtained with a 5s 

exposure time, 4 acquisitions to reduce noise, and using the D1 (¼ intensity) filter. 
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Figure V.11   The Raman spectrum of the dilute phase of the [0.757 m UO2SO4 + 0.842 m H2SO4] 

solution at 400 °C and 25 MPa.  The spectrum was obtained with a 5s exposure time, 4 acquisitions 

to reduce noise, and using the D1 (¼ intensity) filter. 
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Figure V.12   Percent speciation of UO2
2+(aq) (red), UO2SO4

0(aq) (blue) and UO2(SO4)2
2-(aq) 

(green) versus temperature for the [0.702 m UO2SO4 + 0.375 m H2SO4] solution.  The dotted 

vertical line is the phase separation temperature.  The speciation at the phase separation 

temperature and beyond is shown for the uranium dense phase (triangles) and dilute phase 

(squares).     
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Figure V.13   Percent speciation of UO2
2+(aq) (red), UO2SO4

0 (blue) and UO2(SO4)2
2- (green) 

versus temperature for the [0.757 m UO2SO4 + 0.842 m H2SO4] solution.  The dotted vertical line 

is the phase separation temperature.  The speciation at the phase separation temperature and 

beyond is shown for the uranium dense phase only (triangles), as dilute phase spectra showed no 

signal for dissolved uranium species. 
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Figure V.14   Percent speciation of UO2
2+(aq) (red), UO2SO4

0 (blue) and UO2(SO4)2
2- (green) 

versus temperature for the [0.828 m UO2SO4 + 1.29 m H2SO4] solution.  The dotted vertical line 

is the phase separation temperature.  The speciation percent at the phase separation temperature 

and beyond is shown for the uranium dense phase only (triangles), as dilute phase spectra showed 

no signal for dissolved uranium species. 
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Figure V.15   Percent speciation of UO2
2+(aq) (red), UO2SO4

0 (blue) and UO2(SO4)2
2- (green) 

versus temperature for the [0.338 m UO2SO4 + 0.805 m H2SO4] solution.  The dotted vertical line 

is the phase separation temperature.  The speciation percent at the phase separation temperature 

and beyond is shown for the uranium dense phase only (triangles), as dilute phase spectra showed 

no signal for dissolved uranium species. 
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Figure V.16   Calculated [UO2SO4 + H2SO4] solution density of the homogeneous phase of 

Solutions 4 – 15 by the method of Zimmerman et al.24  Plotted are Solutions 4 – 6 (squares), 7 – 9 

(circles), 10 – 12 (diamonds) and 13 – 15 (triangles).  Solutions are also color coordinated by total 

uranium concentration; Solutions 4, 7, 10 and 13 are shown in red (highest uranium concentration), 

5, 8, 11 and 14 in blue, and 6, 9, 12 and 15 in green (lowest uranium concentration).  The black 

line is the density of water multiplied by a scalar factor of 1.25, and is meant to guide the eye only. 
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Table V.1   Liquid-liquid phase separation temperature of solutions investigated in this study, at 

25 MPa 

Solution # 

Solution Composition 
Phase Separation  

Temperature / °C 
mST UO2SO4  

/ mol·kg-1 

mST H2SO4  

/ mol·kg-1 

1 0.667 ± 0.005 0 309.8 ± 1.6 

2 0.501 ± 0.020 0 305.8 ± 1.6 

3 0.311 ± 0.013 0 306.2 ± 1.6 

4 0.702 ± 0.005 0.375 ± 0.001 341.6 ± 1.7 

5 0.514 ± 0.004 0.275 ± 0.0004 340.1 ± 1.7 

6 0.317 ± 0.011 0.169 ± 0.006 342.6 ± 1.7 

7 0.757 ± 0.006 0.842 ± 0.002 376.7 ± 1.8 

8 0.530 ± 0.004 0.590 ± 0.001 375.5 ± 1.8 

9 0.326 ± 0.008 0.363 ± 0.008 364.7 ± 1.8 

10 0.828 ± 0.006 1.29 ± 0.002 378.8 ± 1.8 

11 0.536 ± 0.004 0.833 ± 0.001 389.7 ± 1.9 

12 0.332 ± 0.007 0.516 ± 0.011 375.4 ± 1.8 

13 0.855 ± 0.006 2.04 ± 0.004 398.3 ± 1.9 

14 0.567 ± 0.004 1.35 ± 0.002 394.4 ± 1.9 

15 0.338 ± 0.008 0.805 ± 0.019 385.5 ± 1.9 
Uncertainties are the sum of that from the temperature controller, and ± 0.5 °C from visual observation. 
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Table V.2   Percent speciation 100ci /
2 4

ST

UO SOc of uranyl species in the dense and dilute phases of 

[UO2SO4 + H2SO4] solutions 

Solution # t / °C Phase 

Percent Speciation 

U
O

2
2

+
 

U
O

2
S

O
4
0
 

U
O

2
(S

O
4
) 2

2
-  

4 350 Dense 0.0 87.4 12.6 

  Dilute 0.7 85.4 14.0 

 375 Dense 0.0 91.8 8.2 

  Dilute 0.0 91.2 8.8 

 400 Dense 0.0 95.4 4.6 

  Dilute - - - 

5 375 Dense 0.0 90.9 9.1 

  Dilute 0.0 91.5 8.5 

 400 Dense 0.0 93.1 6.9 

  Dilute - - - 

6 350 Dense 0.0 92.3 7.7 

  Dilute 3.0 84.3 12.7 

 375 Dense 0.7 94.0 5.3 

  Dilute 0.0 91.2 8.8 

 400 Dense 0.0 97.4 2.6 

  Dilute - - - 

7 400 Dense 0.0 95.4 4.6 

  Dilute - - - 

8 400 Dense 1.7 88.4 9.9 

  Dilute - - - 

10 400 Dense 1.4 92.1 6.5 

  Dilute - - - 

11 425 Dense 0.0 97.7 2.3 

  Dilute - - - 

12 400 Dense 0.0 96.4 3.6 

  Dilute - - - 

14 425 Dense 1.2 98.8 0.0 

  Dilute - - - 

15 400 Dense 0.0 94.6 5.4 

  Dilute - - - 

Uncertainties are omitted for clarity.  Concentrations of UO2
2+(aq) are in all cases statistically insignificant.  



 

 

 

2
8
0
 

Table V.3   Molarities of homogeneous [UO2SO4 + H2SO4] solutions used as external standards 

Solution 

# 

t / 

°C 

Density* / 

g·cm3 

Molarity / mol·L-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ SO4
2- 

4 325 0.9462 0.016 ± 0.001 0.413 ± 0.049 0.079 ± 0.010 0.315 ± 0.060 0.228 ± 0.060 (2.15 ± 0.65)·10-4 

5 325 0.8643 0 0.343 ± 0.044 0.021 ± 0.005 0.194 ± 0.057 0.196 ± 0.057 (6.87 ± 2.62)·10-5 

6 325 0.8081 0 0.185 ± 0.053 0.039 ± 0.011 0.130 ± 0.060 0.111 ± 0.060 (6.53 ± 4.27)·10-5 

7 350 0.8642 0 0.463 ± 0.003 0.026 ± 0.135 0.382 ± 0.135 0.704 ± 0.135 (6.21 ± 2.43)·10-4 

8 350 0.7880 0.004 ± 0.034 0.302 ± 0.004 0.033 ± 0.063 0.216 ± 0.065 0.538 ± 0.065 (2.76 ± 0.86)·10-4 

9 350 0.7559 0 0.193 ± 0.002 0.021 ± 0.085 0.207 ± 0.086 0.268 ± 0.086 (2.12 ± 1.04)·10-4 

10 350 0.8843 0.002 ± 0.078 0.456 ± 0.013 0.065 ± 0.177 0.554 ± 0.177 1.071 ± 0.177 (1.40 ± 0.49)·10-3 

11 350 0.7516 0 0.302 ± 0.003 0.025 ± 0.066 0.200 ± 0.070 0.815 ± 0.070 (2.59 ± 0.89)·10-4 

12 350 0.7529 0 0.213 ± 0.001 0.002 ± 0.103 0.273 ± 0.104 0.395 ± 0.104 (2.72 ± 1.21)·10-4 

13 350 0.8717 0 0.462 ± 0.010 0.047 ± 0.472 0.871 ± 0.472 1.551 ± 0.472 (2.76 ± 1.66)·10-3 

14 350 0.7383 0 0.301 ± 0.004 0.028 ± 0.093 0.344 ± 0.100 1.223 ± 0.100 (6.54 ± 1.87)·10-4 

15 350 0.7305 0 0.199 ± 0.002 0.012 ± 0.083 0.288 ± 0.086 0.715 ± 0.086 (3.78 ± 1.17)·10-4 
* Densities listed were calculated by the method of Zimmerman et al.24 
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Table V.4   Experimental molarities of the dilute phase of phase-separated [UO2SO4 + H2SO4] solutions  

Solution # t / °C 
Molarity / mol·L-1 Concentration 

Factor UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ 

4 350 0.001 ± 0.017 0.131 ± 0.030 0.021 ± 0.004 0.072 ± 0.031 0.113 ± 0.050 0.095 

4 375 0 0.124 ± 0.018 0.012 ± 0.003 0.072 ± 0.070 0.096 ± 0.073 0.090 

5 375 0 0.132 ± 0.011 0.012 ± 0.001 0.070 ± 0.081 0.094 ± 0.082 0.080 

6 350 0.008 ± 0.022 0.223 ± 0.059 0.033 ± 0.008 0.157 ± 0.059 0.208 ± 0.090 0.121 

6 375 0 0.097 ± 0.020 0.009 ± 0.002 0.104 ± 0.030 0.122 ± 0.036 0.060 

9 375 0.003 ± 0.004 0.148 ± 0.013 0.003 ± 0.001 0.238 ± 0.021 0.238 ± 0.025  

The dense phase spectra of Solution 9 proved too difficult to obtain.



 

 

 

2
8
2
 

Table V.5   Experimental molarities of the dense phase of phase-separated [UO2SO4 + H2SO4] solutions  

Solution # t / °C 
Molarity / mol·L-1 Concentration 

Factor UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ 

4 350 0 1.412 ± 0.105 0.203 ± 0.015 1.442 ± 0.202 1.848 ± 0.228 10.50 

 375 0 1.390 ± 0.111 0.124 ± 0.010 1.917 ± 0.586 2.166 ± 0.596 11.15 

 400 0 0.974 ± 0.070 0.047 ± 0.005 0.410 ± 0.361 0.504 ± 0.367  

5 375 0 1.637 ± 0.123 0.163 ± 0.012 1.120 ± 0.777 1.446 ± 0.787 12.52 

 400 0 1.940 ± 0.143 0.143 ± 0.012 0.586 ± 6.220 0.872 ± 6.222  

6 350 0 2.017 ± 0.418 0.168 ± 0.035 0.792 ± 0.812 1.127 ± 0.914 8.27 

 375 0.012 ± 0.131 1.648 ± 0.641 0.093 ± 0.019 2.586 ± 6.263 2.748 ± 6.295 16.55 

 400 0 2.627 ± 0.542 0.070 ± 0.020 0.893 ± 0.272 1.034 ± 0.607  

7 400 0 1.165 ± 0.033 0.057 ± 0.005 0.943 ± 2.767 1.056 ± 2.767  

8 400 0.020 ± 0.027 1.084 ± 0.077 0.121 ± 0.009 1.136 ± 0.117 1.338 ± 0.146  

10 400 0.008 ± 0.012 0.506 ± 0.063 0.036 ± 0.005 0.472 ± 0.095 0.528 ± 0.115  

11 425 0 0.919 ± 0.038 0.021 ± 0.004 0.554 ± 0.198 0.596 ± 0.202  

12 400 0 1.368 ± 0.178 0.051 ± 0.008 0.705 ± 1.915 0.806 ± 1.923  

14 425 0.024 ± 0.028 1.987 ± 0.091 0 1.268 ± 0.708 1.220 ± 0.873  

15 400 0 2.806 ± 0.080 0.161 ± 0.008 2.393 ± 0.435 2.716 ± 1.203  

Raman spectra of the dense phase of Solutions 9 and 13 proved too difficult to obtain.  Solutions with no listed Concentration Factor did not have a 

detectable dilute phase Raman spectrum. 
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Table V.6   Calculated molalities of the dilute phase of phase-separated [UO2SO4 + H2SO4] solutions  

Solution # t / °C 
Density* / 

g·cm-3  

Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ 

4 350 0.6953 0.002 ± 0.027 0.208 ± 0.048 0.034 ± 0.006 0.114 ± 0.049 0.179 ± 0.079 

4 375 0.5660 0 0.244 ± 0.035 0.023 ± 0.005 0.143 ± 0.139 0.189 ± 0.143 

5 375 0.5687 0 0.259 ± 0.023 0.024 ± 0.003 0.137 ± 0.159 0.185 ± 0.161 

6 350 0.7458 0.013 ± 0.035 0.353 ± 0.094 0.053 ± 0.013 0.250 ± 0.094 0.330 ± 0.143 

6 375 0.5574 0 0.190 ± 0.040 0.018 ± 0.005 0.205 ± 0.059 0.241 ± 0.071 

9 375 0.5868 0.005 ± 0.009 0.291 ± 0.025 0.005 ± 0.001 0.470 ± 0.042 0.470 ± 0.050 
* Densities calculated by Equations (V.18) and (V.19).   
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Table V.7   Calculated molalities of the dense phase of phase-separated [UO2SO4 + H2SO4] solutions  

Solution # t / °C 
Density* / 

g·cm-3  

Molality / mol·kg-1 

UO2
2+ UO2SO4

0 UO2(SO4)2
2- HSO4

- H+ 

4 350 1.4101 0 2.147 ± 0.160 0.308 ± 0.023 2.193 ± 0.307 2.810 ± 0.347 

 375 1.2711 0 2.692 ± 0.215 0.241 ± 0.019 3.713 ± 1.135 4.194 ± 1.155 

 400 0.8791 0 2.115 ± 0.152 0.101 ± 0.010 0.891 ± 0.783 1.093 ± 0.797 

5 375 1.3212 0 3.051 ± 0.229 0.304 ± 0.023 2.087 ± 1.448 2.695 ± 1.466 

 400 1.3138 0 4.044 ± 0.298 0.298 ± 0.026 1.221 ± 12.965 1.817 ± 12.969 

6 350 1.5707 0 2.981 ± 0.618 0.248 ± 0.051 1.170 ± 1.199 1.666 ± 1.351 

 375 1.3987 0.024 ± 0.265 3.325 ± 1.293 0.188 ± 0.039 5.219 ± 12.638 5.546 ± 12.704 

 400 1.4931 0 6.388 ± 1.318 0.171 ± 0.048 2.172 ± 0.661 2.514 ± 1.476 

7 400 0.9378 0 2.966 ± 0.084 0.144 ± 0.013 2.401 ± 7.046 2.688 ± 7.047 

8 400 0.9512 0.053 ± 0.070 2.842 ± 0.203 0.318 ± 0.024 2.981 ± 0.306 3.511 ± 0.382 

10 400 0.6895 0.017 ± 0.028 1.151 ± 0.142 0.082 ± 0.012 1.073 ± 0.216 1.201 ± 0.262 

11 425 0.9366 0 1.715 ± 0.071 0.040 ± 0.007 1.033 ± 0.370 1.113 ± 0.377 

12 400 1.0149 0 3.247 ± 0.422 0.120 ± 0.019 1.673 ± 4.543 1.914 ± 4.563 

14 425 1.3096 0.052 ± 0.062 4.397 ± 0.201 0 2.806 ± 1.568 2.701 ± 1.932 

15 400 1.6867 0 8.021 ± 0.229 0.461 ± 0.023 6.840 ± 1.245 7.762 ± 3.438 
* Densities calculated by Equations (V.18) and (V.19).   
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Chapter VI 

 

Conclusions and Future Work 

 

 

 

 

VI.1   Conclusions on Non-Complexing Anions for Quantitative Speciation Studies by 

Raman Spectroscopy 

This manuscript is the first of its kind to publish quantitative results using Raman 

spectroscopy coupled with fused silica capillary cells.  As such, it lays the groundwork for the 

methodology in obtaining quantitative data with this experimental apparatus, while also providing 

useful data at high temperatures and pressures of several internal standards commonly used for 

aqueous chemistry. 

The anions investigated were trifluoromethanesulfonate (or “triflate”), perchlorate, 

perrhenate and bisulfate, or CF3SO3
-(aq), ClO4

-(aq), ReO4
-(aq), and HSO4

-(aq), respectively.    Our 

manuscript provides the temperature dependent Raman vibrational frequencies, the temperature 

independent Raman scattering coefficients of each anion relative to ClO4
-(aq), their decomposition 

half-lives and (where observed) decomposition products in acidic and neutral solutions up to 400 

°C.  Postulated decomposition reactions are also reported based on experimental observation and 

previous literature results.   
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The combination of these data provides the groundwork for the best selection of a suitable 

internal standard for a given set of thermodynamic conditions, which has a wide impact for 

aqueous chemical systems to be quantitatively studied using Raman spectroscopy. 

 

VI.2   Conclusions on the Investigation of Uranyl Sulfate Complexation under Hydrothermal 

Conditions 

This project utilizes the methodology outlined in the previous work to quantitatively 

measure the first and second formation constants of the uranyl ion with sulfate, from 25 – 375 °C, 

in aqueous mixtures of uranyl sulfate and sulfuric acid.   

Challenges arose due to poor resolution between the Raman bands associated with 

UO2
2+(aq), UO2SO4

0(aq) and UO2(SO4)2
2-(aq), which required the separate derivation of the 

temperature dependent vibrational frequencies of each band, as well as their Raman scattering 

coefficients relative to the same anion, in order to accurately deconvolute and analyze our Raman 

results.  These were obtained for UO2
2+(aq) from a uranyl triflate solution, where no sulfate species 

are present.  The Raman vibrational frequencies of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) at 325, 350, 

and 375 °C were obtained from the standard mean of 12 separate unconstrained deconvolutions of 

Raman spectra at each of these temperatures, where the concentration of UO2
2+(aq) is negligible.  

Using these data, along with the known vibrational frequencies of these species at 25 °C, a linear 

correlation of the Raman frequency with temperature was derived, with values of the Raman 

frequency interpolated from this linear fit for all intermediate temperatures.    The relative Raman 

scattering coefficients of UO2SO4
0(aq) and UO2(SO4)2

2-(aq) were obtained by calculating the 

concentrations of all species in solution at 25 °C using the formation constants of Tian and Rao1 
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and the SIT activity coefficient model in the software package PHREEQC.  These relative Raman 

scattering coefficients were then assumed temperature independent. 

Our results show that the first and second formation constants increase drastically with 

temperature.  At 325 °C and above, the concentration of UO2
2+(aq) is negligible, the neutral species 

UO2SO4
0(aq) is dominant, and a minor concentration of UO2(SO4)2

2-(aq) persists.  Extrapolating 

these results (in combination with those of the Chapter V) predicts that UO2SO4
0(aq) is likely the 

only significant species at temperatures around 450 – 500 °C. 

Computational results show that UO2SO4
0(aq) energetically favours neither monodentate 

or bidentate coordination at 25 °C, while bidentate coordination is energetically favoured for 

UO2(SO4)2
2-(aq).  As temperature increases, bidentate coordination becomes increasingly favoured 

for both species due to entropy effects.   

Lastly, because our measurements extended to temperatures where no internal standard 

was thermally stable, results were obtained without the use of an internal standard.  This was made 

possible since it was known that the uranyl ion partitioned into a mixture of UO2
2+(aq), 

UO2SO4
0(aq) and UO2(SO4)2

2-(aq), enabling a mass balance, and that the excess sulfuric acid 

provides a significant HSO4
-(aq) concentration in our solutions, whose Raman properties are well 

known at high temperature from the results of Chapter III.  

The formation constants derived here are one of a large number of uranyl complexation 

reactions that are important to the coolant chemistry of next generation nuclear reactors design 

concepts, specifically, the supercritical water reactor (SCWR).2-3  Our success in measuring these 

formation constants up to supercritical conditions demonstrates the potential of applying this 

methodology to other chemical systems of interest involving the uranyl ion.  The temperature 
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dependent formation constants derived for UO2
2+(aq) can also be used to estimate analogous 

actinide cations that undergo similar speciation reactions, i.e., NpO2
2+(aq) or PuO2

2+(aq), if the 

experimental approach cannot be used directly to investigate these speciation reactions. 

 

VI.3   Conclusions on the Phase Separated Mixtures of Uranyl Sulfate and Sulfuric Acid 

Solutions under Hydrothermal Conditions 

This study is the first of its kind to provide quantitative, in situ results of the speciation of 

phase-separated solutions of [UO2SO4 + H2SO4] solutions.  These results were obtained from 350 

– 425 °C and at 25 MPa of applied pressure, by quantitative Raman techniques using fused silica 

capillary cells.   

Exposure to high temperatures caused a precipitate to form in UO2SO4 solutions with no 

excess sulfuric acid, exclusively in the uranium dense phase, in the timeframe of 15 – 30 minutes.  

Solid formation was rapidly accelerated by exposure to the laser (30 – 60 seconds), presumed to 

be due to localized heating or photo-catalysis.  The solid formation is consistent with UO3·H2O(s), 

and addition of excess sulfuric acid prevented solid formation up to 425 °C. 

Deconvolution of the phase-separated Raman spectra were made possible by using an 

extrapolation of the previously determined temperature dependence of the UO2
2+(aq), 

UO2SO4
0(aq), and UO2(SO4)2

2-(aq) bands obtained in Chapter IV.  Quantitative determination of 

their relative speciation was performed using temperature independent Raman scattering 

coefficients of all three uranyl ions relative to HSO4
-(aq).   
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The data analysis shows that the predominant species is the neutral complex UO2SO4
0(aq), 

whose relative concentration increases with temperature.   UO2
2+(aq) is undetectable at t ≥ 325 °C, 

and UO2(SO4)2
2-(aq) remains a minor species up to 425 °C.  Furthermore, tying in the 

homogeneous phase results from Chapter IV, the speciation follows a smooth trend over the phase 

boundary temperature.  Extrapolation of these trends predict that UO2SO4
0(aq) will be the only 

detectable species at temperatures from 450 – 500 °C.  Once phase separation occurs, the uranium 

dense phase becomes further concentrated as temperature increases, while the dilute phase 

becomes more dilute.  Our results show that at 400 °C, the dilute phase contains no detectable 

Raman bands from dissolved uranium or sulfur species. 

A novel approach was developed to calibrate the Raman spectrum of the phase-separated 

solutions to obtain the concentrations of a two-phase system.  The Raman spectrum of the 

homogeneous phase, obtained in the same capillary cell in the same day of experiments, was used 

as an external standard to calculate the concentrations of the dense and dilute phase-separated 

[UO2SO4 + H2SO4] solutions.   

Solution densities were required to convert the concentrations from the molarity scale to 

molality scale.  These were calculated using standard partial molar volumes acquired using the 

Helgeson-Kirkham-Flowers equation of state from 25 – 350 °C.  Above 350 °C, solution densities 

were calculated by a simple expression that assumes the apparent molar volumes of H2SO4 and 

UO2SO4 solutions can be combined to produce densities of [UO2SO4 + H2SO4] solutions.  These 

solution densities only differ by 2.4% at 350 °C, compared to those derived by the rigorous 

methods of Zimmerman et al., and produce reasonable densities from 350 – 425 °C.   
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The absolute concentrations, phase separation temperatures and visual observations of 

solid phase formation reported in this Chapter are all of theoretical importance4-6 for modelling the 

[UO2SO4 + H2SO4] system at high temperatures and pressures, where experimental data is scarce.   

 

VI.4   Conclusions of Density Functional Theory Calculations of Uranyl Ion Clusters with 

Water, Sulfate, Carbonate, Chloride and Hydroxide 

Computational chemical methods are an excellent supplemental technique that can 

elucidate several features of chemical systems that may otherwise be unknown by a particular 

experimental technique.  These computational methods can provide numerous quantities of 

interest, such as bond distances and angles, charge distribution, electronic energies, zero-point 

vibrational energies and thermodynamic quantities (enthalpy, Gibbs free energy and entropy), IR 

and Raman vibrational frequencies, and more. 

Appendix A lists the results of the DFT calculations of hydrated uranyl ion clusters with 

water, sulfate, carbonate, chloride and hydroxide performed during my Ph.D.  The results 

pertaining to uranyl sulfate hydrates have already been reported in Chapter IV.  Bond distances 

and angles were calculated and compared to literature values, which validated that our calculated 

structures reflect experimental values.  The thermodynamic quantities ΔfH
0, ΔfG

0 and ΔfS
0 were 

calculated for all pertinent equilibrium reactions, in order to gauge which reaction pathway is most 

energetically favoured.  Lastly, the symmetric O=U=O Raman vibrational frequency of these 

clusters were calculated, and the trend of Raman shift versus the number of speciated ligands were 

compared to experimentally known trends.  The symmetric O=U=O Raman vibrational frequency 

decreases with the number of speciated ligands, and its magnitude follows the experimental trend 
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CO3
2- > SO4

2- > Cl-, which is an indication of the strength of the ligand bond strength.7-8  However, 

the Raman shift versus ligand number are known experimentally to be the largest for OH- clusters,7 

which was not observed from DFT calculations, indicating a need for further improvement of DFT 

calculations involving these clusters.  

Future work in our research group involves investigating uranyl complexation with 

carbonate, chloride and hydroxide, and the computational results listed in Appendix A can be used 

as supplemental information when experimental results are obtained. 

 

VI.5   Future Work 

As mentioned above, future work in this area involves investigating the equilibria of the 

uranyl ion with carbonate, chloride and hydroxide, and potentially other anions.  Given the 

experience I obtained during this research, the following subsections are meant as a 

communication of potential advantages and drawbacks for any future students attempting research 

in this area of chemistry. 

  

VI.5.1   Uranyl Carbonate 

The uranyl ion has three equilibria with carbonate that are analogous to those of sulfate, 

namely  

UO2
2+(aq) + CO3

2-(aq) ⇌ UO2CO3
0(aq),  

0
2 3

2 2
2 3

1

UO CO

UO CO

a
K

a a 

   (VI.1)  
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UO2
2+(aq) + 2CO3

2-(aq) ⇌ UO2(CO3)2
2-(aq),  

2
2 3 2

2 2
2 3
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2 2

UO CO

UO CO
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a a
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UO2
2+(aq) + 3CO3

2-(aq) ⇌ UO2(CO3)3
4-(aq),  

4
2 3 3
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    (VI.3) 

The formation constants of Reactions (VI.1) – (VI.3) are slightly larger than those involving 

sulfate,9 indicating that carbonate binds more strongly to the uranyl ion than does sulfate. 

 One benefit of investigating uranyl carbonate solutions is that the Raman frequencies of 

UO2CO3
0(aq), UO2(CO3)2

2-(aq) and UO2(CO3)3
4-(aq) are more widely spaced than those of uranyl 

sulfate, meaning the bands may be more easily resolved.7  An additional benefit is that the 

equilibrium between carbonate and bicarbonate,  

HCO3
-(aq) ⇌ H+(aq) + CO3

2-(aq),   
2

3

3

3

H CO

HCO

HCO

a a
K

a
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has been investigated recently in our research laboratory.  Thus, knowledge of 
3HCO

K   versus 

temperature and ionic strength is already known, and only the Raman scattering coefficients of 

UO2
2+(aq), UO2CO3

0(aq), UO2(CO3)2
2-(aq), UO2(CO3)3

4-(aq) and HCO3
-(aq) relative to CO3

2-(aq) 

will be required.  

 However, there are several drawbacks to investigating the uranyl carbonate system.  First, 

the neutral species UO2CO3
0 has been reported insoluble,7 meaning K1 in Equation (VI.1) may be 

unattainable, and solution conditions will have to be carefully chosen to avoid solid formation.  

Second, since H2CO3
0(aq) is a weak acid, a pH range will need to be selected where all excess 

carbonate species are either HCO3
-(aq) or CO3

2-(aq), and Equation (VI.4) is the predominant 
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acid/base equilibria.  This will be in a pH range higher than those used for the uranyl sulfate 

investigated here, which may be incompatible with the use of fused silica capillary cells, which 

tend to dissolve at high pH and high temperatures.  Third, operating at pH > 3 means that uranyl 

hydroxide formation is a concern, as well as mixed carbonate/hydroxide complexes 

UO2(OH)m(CO3)n
2-m-2n.10  Thus, the Raman spectra may include peaks due to uranyl hydroxide 

species, which may overlap with those for the uranyl carbonate system.  Lastly, the major species 

of a uranyl carbonate solution can switch from uranyl carbonates to uranyl hydroxides as 

temperature increases,11 suggesting an investigation of uranyl carbonate complexation may require 

a concurrent investigation of uranyl hydroxide. 

 

VI.5.1   Uranyl Chloride 

The set of equilibria for the uranyl chloride system is listed in Equations (VI.5) – (VI.9).   

UO2
2+(aq) + Cl- ⇌ UO2Cl+(aq),   2

2
2

1

UO Cl

UO Cl

a

a a




 

    (VI.5) 

UO2
2+(aq) + 2Cl- ⇌ UO2Cl2

0(aq),   
0

2 2

2
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UO2
2+(aq) + 3Cl- ⇌ UO2Cl3

-(aq),   2 3

2
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UO2
2+(aq) + 4Cl- ⇌ UO2Cl4

2-(aq),   
2

2 4

2
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UO2
2+(aq) + 5Cl- ⇌ UO2Cl5

3-(aq),   
3

2 5

2
2

5 5

UO Cl

UO Cl

a

a a




 

   (VI.9) 

The main benefit of this system is that they are relatively simple; there is no need to operate 

at any pH other than acidic, as Cl-(aq) can be added by addition of HCl(aq) or NaCl(aq), and six 

bands are expected for each of UO2Cln
2-n, n = 0 – 5.  The main drawback to this system is that the 

separation of the Raman frequencies of the UO2Cln
2-n species is very small.7  For the uranyl sulfate 

system, there are 3 peaks at a separation of ~10 cm-1; for uranyl chloride, there are 6 peaks at a  

separation of ~3 cm-1, meaning the Raman peaks will be ~6 times less resolved.  In addition, this 

system has been studied recently in the literature,12 and an unexplained “mystery peak” is formed 

at high temperature, although this may just be an artifact of that particular set of experimental 

conditions.  Lastly, very large Cl/U ratios (2000 – 3000!) have been required to produce the 

UO2Cl4
2-(aq) and UO2Cl5

3-(aq) species.7  Although LiCl, NaCl, and HCl are all very soluble, there 

is an upper limit to solubility.  The extremely high Cl/U ratios required to observe all 5 uranyl 

chloride species would require the reduction of total uranium concentration to obtain these Cl/U 

ratios, which would affect the strength of the Raman signal.  This would also be at solution 

conditions with an extremely large ionic strength, where many activity coefficient models break 

down. 
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VI.5.1   Uranyl Hydroxide 

The uranyl ion complexes with hydroxide to form twelve known uranyl complexes, 

including complexes that are polynuclear with respect to the uranyl ion, whose general chemical 

formula is (UO2)m(OH)n
2m-n.  The general form of the equilibria is shown in Equation (VI.10) 

mUO2
2+(aq) + nOH- ⇌ (UO2)m(OH)n

2m-n(aq),  
2

2

2
2

( ) ( )

,

m n
m nUO OH

m n m n

UO OH

a

a a




 

   (VI.10) 

The known complexes (m,n) are: (2,1), (1,1), (2,2), (3,5), (1,2), (3,7), (3,8), (1,3), (3,10), 

(3,11), (1,4) and (1,5).13-24   

The main advantage of investigating the Equilbria (VI.10) is that the spacing between the 

Raman vibrational bands between each complex is the largest for uranyl hydroxides species, 

resulting in the highest possible resolution.  Each of these species are accessible only in a certain 

pH range, meaning only a subsection of these bands are of concern in a given pH range. 

The first obvious drawback is the requirement of high pH, which is incompatible with fused 

silica capillary cells.  Second, the large number of equilibria make for a very complex system, with 

would require the determination of the temperature-dependence of the band position and relative 

Raman scattering coefficients of a large number of species.  The Raman bands for uranyl hydroxide 

species are also broad, which may lead to resolution issues.  Lastly, the uranyl hydroxide system 

appears to be difficult to model using DFT methods, especially since polynuclear species are 

known to exist, which may lead to shortcomings in the interpretation of experimental data. 
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Appendix A 

 

Summary of Density Functional Theory Calculations 

 

 

A.1   Motivation for Performing Density Functional Theory Calculations 

The computational method used in this dissertation can be used to directly calculate 

numerous values of interest for any molecular system, including stable structures, bond distances 

and angles, and the electronic energy.  A subsequent vibrational calculation can also produce 

corrections to the electronic energy due to the zero-point vibrational energy, enthalpy and Gibbs 

free energy, as well as the entropy.  Vibrational calculations also produce infrared and Raman 

vibrational frequencies.   

Thus, computational chemical methods were employed during my studies in order to 

interpret experimental results, such as the most likely isomer of the species in solution based on 

energetics, its expected Raman vibrational frequencies, and the Gibbs free energies of relevant 

reactions and equilibria pertinent to the chemical systems investigated in this work. 

This Appendix includes the results of calculations involving complexes of UO2
2+ with H2O, 

SO4
2-, CO3

2-, Cl- and OH- that were not already covered in previous Chapters.   
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A.2   Computational Methods 

Quantum chemical calculations have been performed using the Gaussian 09 package of 

programs.1  The computational method used was Density Function Theory,2 performed with the 

B3LYP,3-4 PBE1PBE5 and PBE6 functionals and a 6-311+G(d,p) basis set for all atoms except 

uranium.  Because of the highly charged uranium nucleus, the core electrons of uranium experience 

relativistic effects, and were modelled using an effective core potential (ECP).  Here, the MWB607 

ECP was used. Structural optimizations and vibrational calculations were all performed at this 

level.  The grid used for numerical integration of exchange-correlation energies was ultrafine.    

Solvation effects were modeled by the “cluster-continuum” method,8 which utilizes 

explicit additions of water molecules around the solute molecule to include short range water 

complexation and/or hydrogen bonding effects, and surrounds the solute/solvent cluster by a 

dielectric continuum to model long-range polarization effects.  The Integral Equation Formalism 

of the Polarizable Continuum Model (IEFPCM)9 was used as the model for the dielectric 

continuum.   

Complexes were explicitly hydrated by “building up” structures one ligand at a time.  For 

example, for the complex UO2SO4(H2O)3
0, the structure of UO2SO4

0 was optimized, followed by 

UO2(H2O)SO4
0, UO2(H2O)2SO4

0 and finally UO2(H2O)3SO4
0.  Sulfate is capable of both 

monodentate and bidentate coordination, and both structures were considered.  Only bidentate 

coordination was considered for carbonate.  All optimizations were confirmed to be at an energy 

minima by a subsequent vibrational calculation that resulted in no imaginary frequencies. 
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A.3   Location of Multimedia Files: Raw Output of Gaussian Calculations 

The output files of the Gaussian calculations performed during this work can be located 

under the multimedia files that correspond to this dissertation, in the directory labelled “PhD 

Backup/Computational Work”.  The subdirectory “Uranyl Clusters” contain the output of all the 

optimized clusters containing the UO2
2+ cation.  The subdirectory “Reactants” contains hydrated 

clusters of SO4
2-, CO3

2-, Cl- and OH-, as well as water clusters of up to 10 water molecules.  These 

results are summarized in the subsequent subsections. 

Subdirectories labelled “Varying Dielectric Constant (B3LYP)” contain calculations of 

uranyl sulfate clusters with PCM solvent parameters corresponding to water from 25 – 300 °C, 

discussed in Chapter IV.  The subdirectory “Internal Standards” contains calculations relevant to 

the non-complexing internals standards ReO4
-, ClO4

-, CF3SO3
- and HSO4

- investigated in Chapter 

III.   

 

A.4   Thermodynamic Quantities of Uranyl Clusters 

Using the optimized structures of uranyl sulfate, uranyl carbonate, uranyl chloride and 

uranyl hydroxide containing the highest hydration number, as well as optimized structures of 

hydrated reactants, ΔfH
0, ΔfG

0 and ΔfS
0 were calculated directly for the known stepwise equilibria 

of the uranyl ion with these ligands.   

 

 

 



309 

 

 A.4.1   Uranyl Sulfate 

For the uranyl sulfate system, Reactions (A.1) – (A.20) were investigated using 

IEFPCM/B3LYP.  For brevity, all other methods (B3LYP calculations with no PCM modelling, 

as well as calculations using PBE0 and PBE with and without PCM modelling) were restricted to 

only bidentate coordination of sulfate to the uranyl cation (ie. Reactions (A.2), (A.8), and (A.20)).  

The notation m and b refer to the number of sulfate ligands coordinated in a monodentate or 

bidentate fashion, respectively.  The product (H2O)10 refers to an optimized cluster of 10 water 

molecules, which was optimized in order to simulate bulk water.  The coefficient n/10 refers to the 

n waters removed from the hydrated reactants that enter the bulk water; thus, the energy used in 

these calculations is n-tenths of the energy of the (H2O)10 cluster.  Tables A.1 – A.6 list the 

calculated values of ΔfH
0, ΔfG

0 and ΔfS
0 by all six exchange functionals employed in this work. 

 

UO2(H2O)5
2+ + SO4(H2O)8

2- ⇌ UO2SO4(H2O)4 (m) + 9/10 (H2O)10     (A.1) 

UO2(H2O)5
2+ + SO4(H2O)8

2- ⇌ UO2SO4(H2O)4 (b) + 9/10 (H2O)10     (A.2) 

UO2SO4(H2O)4 (m) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)3 (2m) + 9/10 (H2O)10   (A.3) 

UO2SO4(H2O)4 (m) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)2 (m,b) + 10/10 (H2O)10   (A.4) 

UO2SO4(H2O)4 (m) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)2 (2b) + 10/10 (H2O)10   (A.5) 

UO2SO4(H2O)4 (b) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)3 (2m) + 9/10 (H2O)10   (A.6) 

UO2SO4(H2O)4 (b) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)2 (m,b) + 10/10 (H2O)10   (A.7) 

UO2SO4(H2O)4 (b) + SO4(H2O)8
2- ⇌ UO2(SO4)2(H2O)2 (2b) + 10/10 (H2O)10   (A.8) 
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UO2(SO4)2(H2O)3 (2m) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O)3 (3m) + 8/10 (H2O)10   (A.9) 

UO2(SO4)2(H2O)3 (2m) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O) (2m,b) + 10/10 (H2O)10  (A.10) 

UO2(SO4)2(H2O)3 (2m) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (m,2b) + 11/10 (H2O)10   (A.11) 

UO2(SO4)2(H2O)3 (2m) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (3b) + 11/10 (H2O)10    (A.12) 

UO2(SO4)2(H2O)2 (m,b) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O)3 (3m) + 7/10 (H2O)10  (A.13) 

UO2(SO4)2(H2O)2 (m,b) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O) (2m,b) + 9/10 (H2O)10  (A.14) 

UO2(SO4)2(H2O)2 (m,b) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (m,2b) + 10/10 (H2O)10  (A.15) 

UO2(SO4)2(H2O)2 (m,b) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (3b) + 10/10 (H2O)10   (A.16) 

UO2(SO4)2(H2O)2 (2b) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O)3 (3m) + 7/10 (H2O)10  (A.17) 

UO2(SO4)2(H2O)2 (2b) + SO4(H2O)8
2- ⇌ UO2(SO4)3(H2O)1 (2m,b) + 9/10 (H2O)10  (A.18) 

UO2(SO4)2(H2O)2 (2b) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (m,2b) + 10/10 (H2O)10  (A.19) 

UO2(SO4)2(H2O)2 (2b) + SO4(H2O)8
2- ⇌ UO2(SO4)3 (3b) + 10/10 (H2O)10   (A.20) 

 

A.4.2   Uranyl Carbonate 

For the uranyl carbonate system, only bidentate coordination was considered.  Thus, the 

reactions are those listed in (A.21) – (A.23).  Tables A.1 – A.6 list the calculated values of ΔfH
0, 

ΔfG
0 and ΔfS

0 by all six exchange functionals employed in this work. 

 

UO2(H2O)5
2+ + CO3(H2O)6

2- ⇌ UO2CO3(H2O)3 + 8/10 (H2O)10    (A.21) 
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UO2CO3(H2O)3 + CO3(H2O)6
2- ⇌ UO2(CO3)2(H2O) + 8/10 (H2O)10    (A.22) 

UO2(CO3)2(H2O) + CO3(H2O)6
2- ⇌ UO2(CO3)3 + 7/10 (H2O)10    (A.23) 

 

A.4.3   Uranyl Chloride 

For the uranyl chloride system, five equilibria are known, as shown in (A.24) – (A.28).  

Tables A.1 – A.6 list the calculated values of ΔfH
0, ΔfG

0 and ΔfS
0 by all six exchange functionals 

employed in this work. 

 

UO2(H2O)5
2+ + Cl(H2O)6

- ⇌ UO2Cl(H2O)4
+ + 7/10 (H2O)10     (A.24) 

UO2Cl(H2O)4
+ + Cl(H2O)6

- ⇌ UO2Cl2(H2O)3 + 7/10 (H2O)10    (A.25) 

UO2Cl2(H2O)3 + Cl(H2O)6
- ⇌ UO2Cl3(H2O)2

- + 7/10 (H2O)10    (A.26) 

UO2Cl3(H2O)2
- + Cl(H2O)6

- ⇌ UO2Cl4(H2O)2- + 7/10 (H2O)10    (A.27) 

UO2Cl4(H2O)2- + Cl(H2O)6
- ⇌ UO2Cl5

3- + 7/10 (H2O)10     (A.28) 

 

A.4.4   Uranyl Hydroxide 

The uranyl ion is known to form several homonuclear (UO2(OH)n
2-n) and polynuclear 

((UO2)m(OH)n
2m-n) species with the hydroxide ion.  Here, only homonuclear species were 

investigated due to the large computational cost to model polynuclear species.  These are outlined 
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in Reactions (A.29) – (A.33).  Tables A.1 – A.6 list the calculated values of ΔfH
0, ΔfG

0 and ΔfS
0 by 

all six exchange functionals employed in this work. 

 

UO2(H2O)5
2+ + OH(H2O)5

- ⇌ UO2OH(H2O)4
+ + 6/10 (H2O)10    (A.29) 

UO2OH(H2O)4
+ + OH(H2O)5

- ⇌ UO2(OH)2(H2O)3 + 6/10 (H2O)10    (A.30) 

UO2OH2(H2O)3 + OH(H2O)5
- ⇌ UO2(OH)3(H2O)2

- + 6/10 (H2O)10    (A.31) 

UO2OH3(H2O)2
- + OH(H2O)5

- ⇌ UO2(OH)4(H2O)2- + 6/10 (H2O)10    (A.32) 

UO2OH4(H2O)2- + OH(H2O)5
- ⇌ UO2(OH)5

3- + 6/10 (H2O)10    (A.33) 

 

A.4.5   Notes on Thermodynamic Quantities 

As can be seen in Tables A.3 – A.6, neglecting the long-range polarizability of the dielectric 

medium results in thermodynamic quantities that are greatly exaggerated (ie. ΔfG
0 values on the 

order of -1000 kJ/mol).  Thus, only those values with IEFPCM will be discussed.   

Although the values in Tables A.1 – A.3 vary, the general trends are the same.  These 

values provide a good estimate on what reaction pathways are more likely, especially versus 

temperature.  For example, the mostly positive values of the Gibbs free energy of formation of 

UO2(SO4)3
4- provides excellent reasoning why it is in all cases a minor species.   

Although the uranyl sulfate values have been discussed in Chapter IV, the values provided 

here can be of use for any future work on uranyl systems involving carbonate, chloride or 

hydroxide. 
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A.5   Raman Vibrational Frequencies of Uranyl Clusters  

Table A.7 lists the O=U=O symmetric stretch of the most hydrated uranyl clusters obtained 

using all three basis sets in this work, with and without PCM modelling.  Figure A.7 shows the 25 

°C experimental O=U=O Raman frequency versus the IEFPCM/B3LYP calculated frequency.  

With the exception of the uranyl hydroxides, a near linear trend can be seen between experimental 

and computational results, suggesting that using the DFT results with an appropriate scaling factor 

would reproduce experimental results rather well.  Separate figures for the other methods used are 

not shown, but the general trend is similar, with a different scaling factor. 

The uranyl hydroxide results are limited to the mononuclear species UO2(OH)n
2-n, and 

more work would be needed to determine whether a scaling factor can be applied to reproduce 

experimental frequencies in the uranyl hydroxide system. 

Although not reproduced here, the O=U=O vibrational frequency is not the only Raman 

active frequency in these clusters.  There are several other vibrational frequencies associated with 

these clusters, such as S=O stretches in uranyl sulfate, C-O stretches in uranyl carbonate, etc… 

There are not reproduced here for brevity, but can be found in the Gaussian output files if required 

for future work on this project.  
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Figure A.1   Experimental Raman frequency versus DFT calculated Raman frequency 

(IEFPCM/B3LYP) of the O=U=O Symmetric Stretch of uranyl sulfates (red), uranyl carbonates 

(black), uranyl chlorides (blue), uranyl hydroxides (green) and UO2(H2O)5
2+ (orange).   
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Table A.1   Thermodynamic quantities of Reactions (A.1) – (A.45), IEFPCM/B3LYP 

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.1) -93.2 -62.2 -103.8 

(A.2) -83.1 -51.8 -104.7 

(A.3) -49.7 -31.3 -61.7 

(A.4) -52.6 -42.7 -33.2 

(A.5) -54.3 -43.5 -36.2 

(A.6) -59.8 -41.7 -60.8 

(A.7) -62.8 -53.1 -32.3 

(A.8) -64.4 -53.9 -35.2 

(A.9) -26.4 3.3 -99.8 

(A.10) -14.8 -2.2 -42.4 

(A.11) 8.1 4.2 13.2 

(A.12) 11.8 4.2 25.5 

(A.13) -23.4 14.8 -128.2 

(A.14) -11.9 9.3 -70.9 

(A.15) 11.1 15.6 -15.3 

(A.16) 14.8 15.6 -2.9 

(A.17) -21.8 15.6 -125.3 

(A.18) -10.2 10.1 -67.9 

(A.19) 12.8 16.4 -12.3 

(A.20) 16.4 16.4 0.0 

(A.21) -139.5 -104.4 -117.5 

(A.22) -84.5 -82.0 -8.4 

(A.23) 18.7 38.9 -67.6 

(A.24) -108.5 -11.1 -326.7 

(A.25) -91.0 -3.8 -292.6 

(A.26) -78.3 9.5 -294.5 

(A.27) -46.6 39.7 -289.4 

(A.28) -14.0 68.3 -276.1 

(A.29) -161.2 -107.1 -181.5 

(A.30) -105.9 -59.7 -154.7 

(A.31) -86.9 -45.7 -138.3 

(A.32) -42.5 1.0 -146.0 

(A.33) 100.6 150.7 -167.9 
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Table A.2   Thermodynamic quantities of Reactions (A.1) – (A.45), IEFPCM/PBE1PBE 

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.2) -76.7 -65.8 -36.6 

(A.8) -54.0 -55.6 5.4 

(A.20) 54.7 62.2 -24.9 

(A.21) -142.1 -112.9 -98.0 

(A.22) -83.4 -80.7 -9.1 

(A.23) 25.9 44.2 -61.2 

(A.24) -116.4 -29.8 -290.3 

(A.25) -99.9 -16.8 -278.7 

(A.26) -86.7 -2.9 -280.9 

(A.27) -53.2 28.4 -273.6 

(A.28) -19.8 60.2 -268.1 

(A.29) -161.9 -118.2 -146.8 

(A.30) -108.1 -65.7 -142.0 

(A.31) -82.5 -42.5 -134.3 

(A.32) -40.1 1.8 -140.6 

(A.33) 91.7 140.2 -162.6 

  

Table A.3   Thermodynamic quantities of Reactions (A.1) – (A.45), IEFPCM/PBE  

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.2) -109.2 -78.3 -103.4 

(A.8) -76.2 -72.6 -12.1 

(A.20) 8.2 11.2 -10.2 

(A.21) -160.2 -130.6 -99.2 

(A.22) -89.1 -80.1 -30.0 

(A.23) 21.6 37.2 -52.3 

(A.24) -131.9 -35.4 -323.7 

(A.25) -109.9 -21.4 -296.9 

(A.26) -95.3 -6.9 -296.7 

(A.27) -62.4 25.5 -294.8 

(A.28) -23.7 57.9 -273.5 

(A.29) -174.6 -126.3 -162.1 

(A.30) -114.9 -72.9 -140.8 

(A.31) -88.1 -48.2 -133.8 

(A.32) -43.0 3.0 -154.2 

(A.33) 98.9 147.1 -161.9 
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Table A.4   Thermodynamic quantities of Reactions (A.1) – (A.45), Gas Phase/B3LYP 

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.2) -1386.6 -1352.3 -114.9 

(A.8) -212.6 -196.0 -55.6 

(A.20) 983.0 998.3 -51.4 

(A.21) -1474.1 -1444.5 -99.3 

(A.22) -204.9 -191.7 -44.5 

(A.23) 1129.2 1138.3 -30.6 

(A.24) -801.8 -774.3 -92.2 

(A.25) -482.3 -444.7 -125.9 

(A.26) -138.1 -106.6 -105.7 

(A.27) 322.3 347.0 -82.8 

(A.28) 462.8 484.4 -72.4 

(A.29) -890.4 -865.6 -83.1 

(A.30) -502.2 -469.5 360.6 

(A.31) -137.0 -116.9 429.7 

(A.32) 299.5 321.4 628.0 

(A.33) 754.3 785.7 692.8 

 

Table A.5   Thermodynamic quantities of Reactions (A.1) – (A.45), Gas Phase/PBE1PBE 

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.2) -1315.6 -1281.3 -115.3 

(A.8) -114.1 -98.0 -54.1 

(A.20) 1095.2 1106.1 -36.5 

(A.21) -1417.3 -1387.3 -100.7 

(A.22) -120.0 -113.6 -21.4 

(A.23) 1230.3 1238.6 -27.9 

(A.24) -722.2 -700.1 -74.0 

(A.25) -406.0 -367.1 -130.6 

(A.26) -56.0 -28.1 -93.8 

(A.27) 144.4 320.8 -591.7 

(A.28) 818.9 684.4 451.1 

(A.29) -831.7 -812.1 -65.9 

(A.30) -448.5 -419.1 358.0 

(A.31) -59.2 -47.0 427.4 

(A.32) 368.1 383.9 631.5 

(A.33) 801.0 827.9 681.5 
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Table A.6   Thermodynamic quantities of Reactions (A.1) – (A.45), Gas Phase/PBE  

Reaction ΔfH
0 / kJ·mol-1 ΔfG

0 / kJ·mol-1 ΔfS
0 / J·K-1·mol-1 

(A.2) -1403.4 -1355.3 -161.6 

(A.8) -172.8 -130.8 -140.6 

(A.20) 1036.6 1065.7 -97.6 

(A.21) -1484.2 -1444.1 -134.6 

(A.22) -197.7 -171.1 -89.4 

(A.23) 1198.7 1225.5 -89.8 

(A.24) -786.3 -745.0 -138.7 

(A.25) -453.6 -404.3 -165.3 

(A.26) -107.6 -62.0 -153.1 

(A.27) 93.4 288.7 -654.9 

(A.28) 776.2 654.9 406.8 

(A.29) -879.2 -849.4 -100.0 

(A.30) -485.2 -444.9 364.9 

(A.31) -104.3 -77.5 438.8 

(A.32) 329.6 358.1 639.1 

(A.33) 770.0 805.4 693.2 
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Table A.7   Raman symmetric stretch O=U=O of uranyl complexes 

Species 

Gas Phase / cm-1 IEFPCM / cm-1 

Experimental 

B
3
L

Y
P

 

P
B

E
1
P

B
E

 

P
B

E
 

B
3
L

Y
P

 

P
B

E
1
P

B
E

 

P
B

E
 

UO2(H2O)5
2+ 942.0 984.5 889.9 915.2 960.4 863.7 872.2 

UO2SO4(H2O)4 875.7 916.8 820.6 875.0 903.2 810.3 863.1 

UO2(SO4)2(H2O)2
2- 841.3 882.3 791.8 834.6 876.3 781.8 854.2 

UO2(SO4)3
4- 832.8 875.4 777.5 814.2 861.7 760.7 845.3 

UO2CO3(H2O)4 863.3 900.6 814.9 847.3 891.8 797.0 851 

UO2(CO3)3(H2O)2
2- 805.5 848.0 759.4 804.4 844.4 756.6 834 

UO2(CO3)3
4- 774.3 813.1 725.8 776.5 808.3 731.3 812 

UO2Cl(H2O)4
+ 903.8 945.8 851.8 887.7 931.3 833.9 867 

UO2Cl2(H2O)3 887.2 930.1 834.4 868.2 912.5 812.7 862 

UO2Cl3(H2O)2
- 872.7 915.2 816.6 856.1 898.9 798.6 859 

UO2Cl4(H2O)2- 880.5 893.2 796.0 844.0 886.4 785.1 854 

UO2Cl5
3- 851.8 895.2 791.5 837.2 878.3 777.8 849 

UO2(OH)(H2O)4
+ 883.3 925.1 833.4 861.7 903.6 812.3 848 

UO2(OH)2(H2O)3 853.8 895.8 809.9 822.0 862.3 777.7 826 

UO2(OH)3(H2O)2
- 811.3 849.0 765.1 794.2 836.3 752.5 804 

UO2(OH)4(H2O)2- 759.1 792.1 715.3 758.8 794.1 717.1 782 

UO2(OH)5
3- 736.9 762.1 673.8 728.6 763.4 687.3 765 

UO2(OH)5
3- 736.9 762.1 673.8 728.6 763.4 687.3 765 
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Appendix B 

 

Standard Operating Procedures for Handling and Safe Clean-up of 

Uranyl Salt Solution Spills 

 

 

 

B.1   Standard Operating Procedure for The Preparation of a Concentrated Aqueous Uranyl 

Sulfate Solution 

 

Description: 

This document describes the preparation of a 3 molal or less (52 wt%) aqueous stock solution from 

solid UO2SO4·3H2O, in a dedicated fumehood in MacN 309.    

 

Materials:  

Inside fumehood: 

 Cleaned, leached and dried 100 mL Pyrex glass media bottle with compatible 

polypropylene lid, with blank label affixed. 

 Polypropylene coated retort stand with clamp, stir plate, and Pyrex dish for 

containment. 

 Pyrex tray used at a working surface for containment. 

 Stir bar and stir bar remover. 

 Nalgene squirt bottle with ultrapure water. 

 25 mL glass graduated cylinder. 

 Standardized 1 M H2SO4 solution, in case acidification is required for dissolution. 
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Outside fumehood: 

 Top-loading balance (Model MS4002S) set up and calibrated on bench directly across 

from fumehood, with lint-free paper underneath and a weighing boat or weighing paper 

on the pan, to catch stray powder.   

 Aluminum foil to wrap finished bottle to block light. 

 Labelling tape with radioactive symbol. 

 

Procedure: 

Weighing and mixing: 

1. Put the stir bar into the empty stock bottle and find the correct position on the retort 

stand for clamping over the stir plate. 

2. Remove the bottle and weigh the bottle, stir bar, and cap, on the top-loading balance. 

Record the mass 3 times. 

3. Place the empty stock bottle and the solid uranyl sulfate chemical bottle in the Pyrex 

tray in the fumehood. 

4. Carefully unseal the bottle of UO2SO4*3H2O.  Seals go in solid waste. 

5. In the Pyrex tray, transfer an estimated 23g of the 25g contents into the empty stock 

bottle by gently tapping.  Make a funnel from weighing paper if needed, and dispose 

afterwards in solid waste. 

6. Making sure the fumehood sash is in the correct postion, ensure there is no residue on 

the outside of the bottle or neck, and cap carefully. Uncapped powder must never be 

removed from fumehood. 

7. Remove from the fumehood and place on the top-loading balance.  Record the mass 3 

times.  Immediately bring the bottle back in the fumehood onto the Pyrex tray. 

8. If necessary, add more uranyl sulfate and weigh again. 

9. When desired mass of uranyl sulfate is achieved, measure out mass of water as mL in 

graduated cylinder.  For 23.0g of UO2SO4*3H2O, this would be 15.3 g of H2O. 

10. Add water slowly and carefully, with a small amount of hand swirling of the bottle, 

then cap and weigh 3 times as previously. 
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Dissolution (Plan A): 

11. Now that the masses of uranyl sulfate and water are known, be sure the cap is tight and 

clamp the bottle over the stir plate and set to an appropriate stir RPM.  There should be 

no splashing and it should not be overly vigorous because it will deposit solution on 

the sides of the bottle. 

12. Time required to dissolve is unknown, as well as longer term stability to re-

precipitation.  Depending on speed of dissolution, stirring for 2-24h may be necessary.  

Manufacturer recommendation for related compounds is overnight. 

13. Observe the solution for a further 12-24h to ensure stability to precipitation. 

14. If solution does not dissolve, or re-precipitates, within a 24 h period, proceed to “Plan 

B”. 

 

Dissolution (Plan B): 

15. If solution is unstable at approx 3 molal (52 wt%), add approx 5.8 g of H2O to yield a 

solution of 2.27 molal (45 wt%).  Weigh the stock bottle 3 times both before and after 

addition. 

16. Repeat the dissolution steps of Plan A to determine if solution is stable. 

 

Dissolution (Plan C): 

17. If solution is unstable at Plan B, add 3.60 g of 1M H2SO4 to yield a solution of 2 molal.  

Weigh the stock bottle 3 times both before and after addition. 

18. Repeat the dissolution steps of Plan A to determine if solution is stable. 

 

Final steps once dissolution is assured: 

19. Remove stir bar and rinse outside into liquid waste.  Do not leave stir bars inside 

because the teflon coating can absorb metals. 

20. Fill out the bottle label with the contents, concentration, date and name. 

21. Cover the bottle up to the cap with aluminum foil.  Create a label identical to the 

previous step, and put it on the outside of the bottle over the foil. 

22. Check weekly for solution stability. 
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B.2   Standard Operating Procedure for Creation of 0.5 – 3 m UO2SO4 Solutions for L-L 

Phase Separation  

 

Chemicals required: 

3 m UO2SO4 stock solution (created using previous SOPs) 

Ultrapure water 

Conc. H2SO4 (Sigma-Aldrich, 99.999%, (339741-100mL) Lot SHBD1689V) 

1M H2SO4 (Fluka, 1 M standard solution (35276-1L), Lot SZBD1230V) 

 

Glassware required: 

20 mL glass vials with polypropylene lid 

1 x plastic disposable pipette 

1 mL Hamilton blunt-tip syringe (Part #81316) 

8x11 Pyrex dish lined with 3M chemical sorbent pad 

50 mL beaker 

 

* Silver shield gloves over neoprene gloves will be used to handle uranyl solutions. 

* Neoprene gloves will be used to handle sulfuric acid. 

 

1. Weigh a 20 mL glass vial empty on a top loading balance in triplicate. 

2. Inside the uranyl fumehood, add an amount (Tables B.2.1 & B.2.2) of our stock solution 

to the 20 mL glass vial using a plastic disposable pipette.  Use a beaker to contain the media 

vial, for stability. 

3. Weigh the vial + stock solution in triplicate on the top loading balance. 

4. Draw an amount (Table B.2.1 & B.2.2) of concentrated H2SO4 into a Hamilton blunt-

needle syringe, and transport it to the analytical balance in a Pyrex 8x11 dish lined with a 

3M chemical sorbent pad. 

5. Weigh the “full” syringe in triplicate using an analytical balance.  Place the syringe upright 

in the balance, with the needle tip pointing upwards, using the “cage” attachment for the 

balance tray. 

6. Re-transport the “full” syringe to the uranyl fumehood as described in (4). 

7. Add an amount (Tables B.2.1 & B.2.2) of concentrated H2SO4 to the solution, inside the 

uranyl fumehood. 

8. Re-transport the “empty” Hamilton syringe to the analytical balance as described in (4). 

9. Re-weigh the “empty” syringe in the manner described in (5). 

10. Weigh the vial + stock + acid in triplicate on the top loading balance. 
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11. Add an amount of purified water (Tables B.2.1 & B.2.2) to the vial using a Nalgene water 

bottle. 

12. Weigh the bottle + stock + acid + water in triplicate on the top loading balance. 

 

Numbers below are to make 5g total of solution 

 

 

UO2SO4 

stock added 

H2SO4 

added 
H2O added [UO2SO4] / m 

[H2SO4] / 

m 
SO4/U 

1.90 g  

(0.97 mL) 
0 mL 3.10 g 

0.683  

(20 wt%) 
0 1 

1.90 g  

(0.97 mL) 
0.080 mL 2.95 g 

0.708  

(20 wt%) 
0.354 1.5 

1.90 g  

(0.97 mL) 
0.166 mL 2.79 g 

0.737  

(20 wt%) 
0.737 2 

1.90 g  

(0.97 mL) 
0.259 mL 2.62 g 

0.771 

(20 wt%) 
1.157 2.5 

1.90 g  

(0.97 mL) 
0.360 mL 2.44 g 

0.812  

(20 wt%) 
1.624 3 

 

Table B.2.1   Amounts of UO2SO4 stock, Conc. H2SO4 and H2O to add to create L-L Phase Sep. 

Solutions, using concentrated sulfuric acid 

 

UO2SO4 

stock added 

H2SO4 

added 
H2O added [UO2SO4] / m 

[H2SO4] / 

m 
SO4/U 

1.90 g  

(0.97 mL) 
1.45 mL 1.56 g 

0.708  

(20 wt%) 
0.354 1.5 

1.87 g  

(0.96 mL) 
2.95 mL 0 g 

0.722  

(19.7 wt%) 
0.722 2 

 

Table B.2.2   Amounts of UO2SO4 stock, 1M H2SO4 and H2O to add to create L-L Phase Sep. 

Solutions, using 1M sulfuric acid 
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The plan is to: 

(1) Make 5g of solution at 20 weight % UO2SO4 and SO4/U ratios of 1-3. 

(2)   Take a known amount out, and do L-L phase separation studies at 20 weight %. 

(3)   Dilute the solutions to 15 weight %, and take another known amount out. 

(4)   Repeat at 10 and 5 weight %. 

 

SOP for Creation of 0.35 m UO2SO4 Solution for Calibration via Densitometer 

 

Chemicals required: 

3 m UO2SO4 stock solution (created using previous SOPs) 

Ultrapure water 

 

Glassware required: 

50 mL Pyrex media bottle with polypropylene lid 

Teflon “egg” style stir bar 

1 x plastic disposable pipette 

1 x 25 mL graduated cylinder 

 

* Silver shield gloves over neoprene gloves will be used to handle uranyl solutions. 

 

1. Weigh a 50 mL Pyrex bottle with polypropylene cap and stir bar in triplicate on the top 

loading balance. 

2. Inside the uranyl fumehood, add 4.52g (~2.3 mL) of our stock solution to the 50 mL Pyrex 

bottle using a plastic disposable pipette. 

3. Weigh the bottle + stock solution in triplicate on the top loading balance. 

4. Add 17.64 g purified water to the solution using a 25mL graduated cylinder. 

5. Weigh the bottle + stock + water in triplicate on the top loading balance. 
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SOP for Creation of 0.1 m UO2SO4 + 0.01 m H2SO4 Solution for Raman Speciation Studies 

This solution is to be used in the 2nd part of this document to make solutions for Raman speciation 

studies of uranyl sulfate. 

 

Chemicals required: 

3 m UO2SO4 stock solution (created using previous SOPs) 

Conc. H2SO4 (Sigma-Aldrich, 99.999%, (339741-100mL) Lot SHBD1689V) 

Ultrapure water 

 

Glassware required: 

200 mL Pyrex media bottle with polypropylene lid 

Teflon “egg” style stir bar 

1 x 25 mL graduated cylinder 

1 x 100 mL graduated cylinder 

1 mL Hamilton blunt-tip syringe (Part #81316) 

8x11 Pyrex dish lined with 3M chemical sorbent pad 

 

* Silver shield gloves over neoprene gloves will be used to handle uranyl solutions. 

* Neoprene gloves will be used to handle sulfuric acid. 

 

1. Weigh a 200 mL Pyrex bottle with polypropylene cap and stir bar in triplicate on the top 

loading balance. 

2. Inside the uranyl fumehood, add 13.42 g (~6.9 mL) of our stock solution to the 200 mL 

Pyrex bottle using a 25 mL graduated cylinder. 

3. Weigh the bottle + stock solution in triplicate on the top loading balance. 

4. Draw ~0.2 mL of concentrated H2SO4 into a Hamilton blunt-needle syringe, and transport 

it to the analytical balance in a Pyrex 8x11 dish lined with a 3M chemical sorbent pad. 

5. Weigh the “full” syringe in triplicate using an analytical balance.  Place the syringe upright 

in the balance, with the needle tip pointing upwards, using the “cage” attachment for the 

balance tray. 

6. Re-transport the “full” syringe to the uranyl fumehood as described in (4). 

7. Add 0.198 g (0.108 mL) of concentrated H2SO4 to the solution, inside the uranyl fumehood. 

8. Re-transport the “empty” Hamilton syringe to the analytical balance as described in (4). 

9. Re-weigh the “empty” syringe in the manner described in (5). 

10. Weigh the bottle + stock + acid in triplicate on the top loading balance. 

11. Add 186.38 g purified water to the solution, using a 100 mL graduated cylinder. 
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12. Weigh the bottle + stock + acid + water in triplicate on the top loading balance. 

 

SOP for Creation of 0.1 m Uranyl Solutions for Raman Speciation Studies 

 

The solutions being created all consist of 0.1 m UO2SO4, or as close as we can manage with the 

components we are using.  The Raman internal standard is NaClO4, at a concentration of 0.1 m.  

Sulfate to uranium (SO4/U) ratios are controlled using Na2SO4. The proton source is perchloric 

acid. 

 

Chemicals required: 

0.1 m UO2SO4 + 0.01 m H2SO4 solution (created using previous SOPs) 

Solid Na2SO4 (Sigma Aldrich, ≥99.99% trace metals basis, Lot ???) 

Solid NaClO4 (Alfa-Aesar, anhydrous, ACS, 98.0-102.0%, stock 11623, Lot D27U025) 

20 weight % HClO4 (Sigma Aldrich, 20% , 77233-250mL, Lot 0001414295) 

 

Glassware required: 

15 x 20 mL media vials with polypropylene lid 

25 mL graduated cylinder 

1 x 50 mL beaker 

1 mL plastic disposable pipette (HClO4) 

1 metal scoopula 

Creation of UO2SO4 + H2SO4 + HClO4 solutions 

 

* Nitri-Solve gloves will be used to handle perchloric acid. 

* Silver shield gloves over neoprene gloves will be used to handle uranyl solutions. 

 

(1) Weigh a 20 mL media vial empty on an analytical balance in triplicate. 

(2) Add an amount (Table B.2.3) of 20 weight % HClO4 to the media vial using a plastic disposable 

pipette in the perchloric fumehood.  Re-weigh the media vial in triplicate using the analytical 

balance. 

(3) Place the media vial inside the workspace of the uranyl fumehood, contained in a 50 mL beaker 

(for stability).   

(4) Add 10.00 g (9.7 mL) of 0.1 m UO2SO4 + 0.01 m H2SO4 solution via a 25 mL graduated 

cylinder to the media vial in the uranyl-specific fumehood, and re-weigh using a top-loading 

balance in triplicate. 
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20 wt % HClO4 / g [HClO4] / mol·kg-1 [UO2SO4] / mol·kg-1 [H2SO4] / mol·kg-1 

0.51 0.101 0.096 0.010 

1.05 0.200 0.092 0.009 

1.65 0.300 0.088 0.009 

2.31 0.400 0.084 0.008 

3.03 0.500 0.080 0.008 

4.72 0.701 0.072 0.007 

8.09 1.000 0.060 0.006 

 

Table B.2.3   Weight of 20 wt % HClO4 and subsequent [HClO4], [UO2SO4] and [H2SO4] 

 

Creation of UO2SO4 + H2SO4 + HClO4 + NaClO4 + Na2SO4 solutions 

 

* Nitrile gloves will be used to handle sodium sulfate. 

* Silver shield gloves over neoprene gloves will be used to handle uranyl solutions. 

 

(1) Weigh the 20 mL media vial empty on the analytical balance in triplicate. 

(2) Add an amount (Table B.2.4) of dried solid Na2SO4 to the vial using a metal scoopula, and re-

weigh in triplicate using the analytical balance.  

(3) Add 0.118 g solid NaClO4 to the sample vial in the perchloric fumehood using a plastic 

scoopula, and re-weigh using the analytical balance in triplicate. 

(4) Place the vial inside the workspace of the uranyl fumehood, contained in a 50 mL beaker (for 

stability).   

(5) Add 10.00 g of 0.1 m UO2SO4 solution via a 25 mL graduated cylinder to the media vial in the 

uranyl-specific fumehood, and re-weigh in triplicate using a top-loading balance. 
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Weight of NaSO4 / g Final [Na2SO4] / mol·kg-1 

0 0 

0.14 0.10 

0.28 0.20 

0.41 0.30 

0.55 0.40 

0.68 0.50 

1.37 1.00 

2.05 1.50 

 

Table B.2.4   Weight of Na2SO4(s) and [Na2SO4] 
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B.3   Standard Operating Procedure for General Spills of Uranyl Solutions and Breakage of 

Raman Cells Containing Uranyl Solutions 

 

General description of solutions and locations: 

Aqueous uranyl (UO2
2+) solutions will be contained in either 20-200 mL glass bottles, ~1 mL 

quartz Raman tubes or ~6 µL quartz Raman capillary tubes.  These solutions will be in the 

following locations: 

(1) inside the dedicated ‘uranium fumehood’ (MacN 309);  

(2) in the case of ~1 mL quartz ampoules, inside the Raman macrochamber (MacN 055);  

(3) in the case of the ~6 µL fused silica Raman capillary tubes, in the Linkam cell in Raman (MacN 

055);  

(4)  in the glassblowing torch area for sealing of the Raman cells (MacN 309);  

(5) in transport between the three locations above. 

In the event of an accidental spill of any uranyl solution or the breaking of a Raman cell, the 

following standard operation procedures listed below will be implemented.  In all cases, the 

appropriate personal protective equipment (goggles, lab coat and gloves appropriate to the 

solutions spilled) must be worn.  

Lastly, making use of its radiological properties, the presence of any uranium residue after any of 

the clean-up procedures above can be checked with a Geiger counter.  Checks of radioactivity will 

be performed with an Inspector EXP Handheld Digital Radiation Alert® Detector. 

 

In the event of a spill/break inside the uranyl chemical fumehood: 

Spills of the uranyl solution bottles (20-200 mL) are the most significant volume of spills possible.  

However, once the uranyl solutions are prepared, there will be no reason to remove them from the 

uranyl-specific fumehood – thus, spills of this magnitude will be contained in the fumehood.   

 

1. Spilled solution will be collected with a damp 3M chemical sorbent pad.  The area of the 

spill will then be wiped down with further damp pads until clean.  This can be checked 

with the Geiger counter. 

2. Any broken glass with uranyl solutions or residue will be collected with a disposable 

sponge and plastic dustpan specific for uranyl work, and placed in a dedicated tagged glass 

waste pail with a lid.  This container will reside in the uranyl fumehood, and will contain 

enough water to keep the broken glass submerged, to avoid forming uranyl solids after 

evaporation of the water.  The dustpan will be wiped off with the sponge and rinsed after 

use to remove any uranyl salt residue, with the rinsate going into the waste pail. After use, 

the sponges will be placed wet into a Ziploc bag for waste collection, for the same reasons.    
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3. Any solid waste (except glass) will be placed, wet, into a second dedicated tagged general 

solid waste pail container with a lid.  This container will reside in the uranyl fumehood. 

4. This waste will be collected by EHS for disposal according to our agreement. 

Arrangements to pick up waste will be made immediately after a spill. 

 

In the event of a spill/break inside the Raman macrochamber: 

1. The temperature controller to the cell is to be immediately turned off, and the cell allowed 

to cool to ambient conditions. 

2. The laser must be shut off. 

3. The low-temperature heating cell is removed and sealed in a Ziploc bag for transport to the 

uranyl-specific fumehood.  Once inside the hood, the screws holding the low temperature 

cell are removed and the cell can be taken apart.  Each piece can then be cleaned with a 

damp 3M chemical sorbent pad. 

4. In the unlikely event that material leaves the cell assembly, any broken glass present in the 

macrochamber will be collected with a damp disposable sponge and plastic dustpan 

specific for uranyl work and sealed in a Ziploc bag for transport to the uranium-specific 

fumehood.  The inside of the macrochamber will be wiped down with a damp 3M chemical 

sorbent pad in order to absorb any uranyl solution present.  The pad will then be sealed in 

a Ziploc bag for transport to the uranium-specific fumehood. 

5. The heating cell and macrochamber will be checked with the Geiger counter before the 

Raman is put back into service. 

6. Once back in the fumehood, the Ziploc bag of broken glass will be added to the dedicated 

glass waste pail, and the other solid waste will be added to the general solid waste pail. 

7. This waste will be collected by EHS for disposal according to our agreement. 

Arrangements to pick up waste will be made immediately after a spill. 

 

In the event of a spill/break of the capillary tubing inside the Linkam cell: 

1. The high pressure pump is to be turned off immediately via the emergency STOP button, 

to prevent further leakage of water into the cell. 

2. The temperature controller to the cell is to be immediately turned off, and allowed to cool 

to ambient conditions. 

3. The laser must be shut off. 

4. Once the cell reaches ambient conditions, the remaining pressure in the line is to be released 

via the pressure release valve. 

5. The cell is then removed and sealed into a Ziploc bag for transport to the uranium-specific 

fumehood. 
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6. Once the Linkam is back in the dedicated fumehood, it will be opened and any broken glass 

with uranyl solutions or residue will be collected with a disposable sponge and plastic 

dustpan specific for uranyl work, and placed in a dedicated tagged glass waste pail with a 

lid.  This container will reside in the uranyl fumehood, and will contain enough water to 

keep the broken glass submerged, to avoid forming uranyl solids after evaporation of the 

water.  The dustpan will be wiped off with the sponge and rinsed after use to remove any 

uranyl salt residue, with the rinsate going into the waste pail. After use, the sponges will 

be placed wet into a Ziploc bag for waste collection, for the same reasons.    

7. Any solid waste (except glass) will be placed, wet, into a second dedicated tagged general 

solid waste pail container with a lid.  This container will reside in the uranyl fumehood.  

8. The Linkam will be checked with the Geiger counter before being put back into service 

inside the Raman. 

9. This waste will be collected by EHS for disposal according to our agreement. 

Arrangements to pick up waste will be made immediately after a spill. 

 

In the event of a spill/break during flame-sealing of the Raman cells: 

1. The sealing of all quartz tubes containing uranium solutions for Raman studies will be done 

over a uranyl dedicated Pyrex 8” by 11” dish.  Thus, any spills or broken glass will be 

contained in this dish.  This dish will be kept in the fumehood when not in use.  It will be 

checked with the Geiger counter before removal from the fumehood, to ensure uranyl 

residue is not carried out accidentally into a common workspace. 

2. Any broken glass with or without obvious uranyl residue will be transferred with the help 

of a disposable sponge to the dedicated tagged glass waste pail with a lid.  After use, the 

sponges will be placed wet into a Ziploc bag for waste collection, to avoid evaporation.   

3. The Pyrex dish can then be rinsed to waste and/or wiped down with a damp 3M chemical 

sorbent pad.   

4. The Pyrex dish will be checked with the Geiger counter to check that all residue is gone. 

5. Waste will be collected by EHS for disposal according to our agreement. Arrangements to 

pick up waste will be made immediately after a spill. 

 

Note regarding spills/breakage of the Raman tubes outside of these areas (in the open lab, 

hallways, floors, etc..)  

 A spill/break event during transport of the Raman tubes to the Raman instrument is a highly 

unlikely event.  Raman samples will be contained in double-Ziploc bags during transport 

from the wet laboratory to the Raman instrument.  Thus, the spill of uranyl solution during 

transport of Raman tubes is a very unlikely event.   

 However, in the event of an occurrence, the procedure for spill/break inside the uranyl 

chemical fumehood would be followed. 


