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Summary

Speciation predictionsab initio calculations, and factor analysis methods aregoesed to
identify aqueous nickel chloride complexes andrteguilibrium constants in high temperature
water. This is the first step towards determiningraamsport model for nickel complexes in a
supercritical water-cooled reactor (SCWR).

1. Introduction

The SCWR is one of six nuclear reactor conceptsctsd by the 11 countries in the Gen IV
International Forum to fulfill the need for cleanenore efficient, sustainable energy sources.
The SCWR design uses a “direct cycle” that combthesprimary coolant and steam generation
systems into one circuit. The light water that usnped directly through the fuel channels is the
same water that drives the turbine, before beiraecbin the condenser and reinjected into the
reactor core. The challenge is to design one coalamistry that can be used in both the steam
generator and the reactor core.

1.1. SCWR Chemistry Control

The selection of materials and coolant chemistrgtagiies for the Generation IV supercritical
water-cooled reactor (SCWR) concept requires alityabm model the corrosion, transport, and
precipitation of nickel oxides in-core. This isteosg function of the sharp drop in the density of
water above the critical point {£ 373 °C, R= 22 MPa).

The solubility of mixed ferrites is controlled byet reaction:

Ni, FelFel'O,+(6—(1-x)c—(2+x)b)H" +H, =
% " 22— \ I A i (1)

(1—x)Ni(OH) " +(2+x)Fe"(0OH), +(4-(1-x)c—(2+x)b)H,0
These solubility equilibria are difficult to measulirectly as they often include redox reactions,
stepwise hydrolysis reactions and reactions witielocompeting ligands from corrosion and
condenser-leak impurities. Raising the pH to afi@lvalues causes the solubilities of these

oxides to increase with temperature due to theepies of M(OH)“™ species. The reactions are
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complicated by the presence of GZ1SQ,, and amines from ion exchange resins and condenser
leaks.

The purpose of this project is to measure the sajwim speciation of nickel chloride complexes
under SCWR conditions in order to better understamtimodel the transport of metal oxides.

1.2. Nickel Chloride Complexation

Only three aqueous nickel chloride complexes haenlyeported in the literature [1, 2]:

Ni** +CI' = NiCI* B, =—acl ] 2, 3)
N IICL ]
5 i [NiCl,]
Ni*+2CI' = NiCL,’ =
1 T b= N (4.9)
; iCl,
Ni** +3Cl = NiCl,” ﬁ13=% (6,7)
[Ni™][CTT
2. Experimental Design

The first step in our experimental design is toaleksh appropriate solution compositions.
Appropriate solution compositions were selectednigking chemical equilibrium speciation
calculations in MultEQ based on room temperaturen&tion constants by Kennedy and Lister
(1966) and high temperature formation constantd.ibyet al (2012). The goal is to prepare
solutions with predominant concentration of eachomspecies in order to identify peaks in the
Raman spectra. Figures 1 and 2 show the preditséribdtion of species at 140 and 200 °C for
the solution set used in this work.
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Figure 1: Predicted distribution of species at  Figure 2: Predicted distribution of species at
25 °C from MULTEQ 200 °C from MULTEQ

-2-0f5



34" Annual Conference of the Canadian Nuclear Society 2013 June 9 — June 12
37" Annual CNS/CNA Student Conference Eaton Centre Marriott, Toronto, Ontario

2.1. Raman Instrumentation

Isotropic Raman spectra are being measured fotigotuof varying concentrations at steam
saturation pressures up to temperatures of 2009y usealed quartz tubes contained in a
thermostatted jacket. The measurements are comtuct@ large macrochamber which can
accommodate high temperature — high pressure ddles macrochamber is configured to make
polarization measurements [3] as depicted in FigurA confocal microscope allows for 180°

Raman measurements in a diamond anvil cell (DAC).

Accurate baseline subtraction is needed to resaestributions by individual species.

Polarization techniques yield a nearly perfect aseéased on the physics of light scattering
rather than the judgment of the experimentalist.

gample

inciclent lager scattered light

Figure 3: Polarized measurements: (Left) Raman ochamber set up for polarization
measurements (Right) Representation of a 90° gegiRaman experiment for collection of
parallel and perpendicular polarizations

2.2. Results and Data Treatment

To date, reduced isotropic Raman spectra were mexhsand calculated for solutions with
concentrations varying from 0.3 to 1.5 mol/kg ofNand 0 — 13 mol/kg of Clat steam
saturation pressures from 5 to 200 °C in sealedzjtizbes.

We first obtain the isotropic spectrum (Figure $)using the following equation:
Iifﬂ!fsﬂz,i’lfijl—%flauj (8)

The next step is to calculate the reduced specasim Figure 5. This equation is used to reduce
the intensity contribution at low frequency fronethally excited states [4]:

R(V),, =1(V)(V,—V)'VB 9)

hv-.c

B=1—exp(— } (20)

%
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Figure 4: Spectra of the parallg)(and  Figure 5: Reduced isotropic spectrums{R
perpendicular (l) polarizations of a solution with 0.3 m Nf, 0.7 m Cland
0.1 m CIOY

In order to obtain the molality of each speciesatution, the deconvoluted nickel peaks
must first be normalized to an internal standatdafsshown in the following equation:

m =%%ﬁns (11)

where m is molality (kg md), A is the integrated area and S is the Ramartesizay
coefficient for each species.

Perchloric acid was chosen for the internal stashdance it does not interfere with the
peaks of interest. We have now determined that,Cilecomposes in solutions with
NiCl, and HCI in Pyrex cells at temperatures as low4 °C. This is not the case in
quartz cells.

Equilibrium speciation, shown in Figure 6, was daieed from least squares and
principle component analysis methods.
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Figure 6: Deconvolution and band assignment ofealickloride at 23C

-4 -0f5



34" Annual Conference of the Canadian Nuclear Society 2013 June 9 — June 12
37" Annual CNS/CNA Student Conference Eaton Centre Marriott, Toronto, Ontario

3. Quantum Mechanical Model

Hartree-Fock calculations with step-wise additiamfischloride and water were used to
determine the structures and spectra of specie$,(NiD)*" using the HF/6-31+G*
basis set. The results yield the polarized spectofireach species and their relative
intensities which aid in the assignment of peakh@&experimental spectra (Figure 7).
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4. Conclusions and Future Work

Vibrational bands were assigned to the specié§ NiCl*, and NiC}’ by comparing the
experimental reduced isotropic spectra to the teatpee-dependent speciation predicted
from the thermodynamic model, and to the relatieakppositions predicted by tlab
initio calculations. Experimental values for the equilibr speciation were then
determined from least squares and principle commoaralysis methods. These yield
the first reported values of scattering coefficse(®) for the symmetric vibrations of the
aqueous species Nj NiCI*, and NiC}°.
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