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University of Guelph – Peter Tremaine CRD 
 
CRD Title: D20 Isotope Effects on Hydrolysis and Ionization Equilibria 
in High Temperature Water 
 
 
Overview 
 
Since Dr. Tremaine’s appointment in 2001, the University of 
Guelph has sought to create a state-of-the-art research center for 
the development of high-precision instruments and theoretical 
tools to determine the thermochemical properties of aqueous 
systems under nuclear reactor operating conditions.  Areas of 
particular  importance to the industry are (i) the development of the 
Generation IV Supercritical Water CANDU reactor concept and 
hydrogen co-generation technology; (ii) lifetime extension of the 
current CANDU 6 and Advanced CANDU reactors; and (iii) the 
need for basic research to model reactor coolant and boiler 
chemistry under extreme conditions. 
 
The grant to Guelph in 2006 was the first CRD grant awarded to a university by UNENE.  The 
grant, and UNENE’s network of contacts, have proved to be a key element in establishing the 
university’s expertise in this field.  In addition to the targeted research projects funded by 
UNENE and other government/industry partnerships, the university has made significant 
progress towards its long-term goal of creating a state-of-the-art research center for high-
temperature water chemistry in Ontario, with quantitative measurement capabilities for dealing 
with reactor chemistry problems at temperatures and pressures in excess of 450 oC and 30 
MPa.  The $36,000/yr grant from UNENE has been leveraged with NSERC partnership program 
grants to provide operating funds of approximately $350,000/yr for nuclear-related R&D.  During 
the past year, these funds have supported 1 undergraduate, 3 graduate students, 3 postdoctoral 
fellows, and 2 research associates. 
 
 
Program Results / Highlights 
 
Current Projects:  

In addition to Dr. Tremaine’s current UNENE CRD grant, the nuclear-related research at Guelph 
has been supported by four other grants. 

i. ("D2O Isotope Effects on Hydrolysis and Ionization Equilibria in High-Temperature 
Water", NSERC/UNENE CRD Grant: (2005-2009; 2009-2012; renewed 2013) 
($91,200/yr x 3). 

ii. “Aqueous Chemistry of Metals under Supercritical Water Reactor Coolant Conditions”, 
NSERC/NRCan/AECL Collaborative Research Grant: (2012-2016) ($80,000/yr x 4) . 

iii. “Aqueous Chemistry of Fission Products and Actinides under Supercritical Water 
Reactor Coolant Conditions”, NSERC/NRCan/AECL Collaborative Research Grant: 
(2012-2016) ($50,000/yr x 4) . 

iv. “Aqueous Electrolytes and Non-Electrolytes Under Hydrothermal Conditions” NSERC 
Discovery Grant: (2005-2011; renewed 2011-2016) ($45,000/yr x 5). 



UNENE ANNUAL REPORT 2014        70 

 
 

v. “Aqueous Speciation and Liquid-Liquid Phase Separation of Boric Acid at Temperatures 
up to 350 °C” Electric Power Research Institute (EP RI) Contract: (2012-2015) 
(~$150,000/yr x 3).   

 
 
Research Results:  

CANDU nuclear reactors are a uniquely Canadian technology in that their design is based on 
the use of heavy water in a closed loop to transfer heat from the reactor core to the steam 
generator. Optimizing primary coolant chemistry requires detailled models for the chemical 
behaviour of metal oxides, dissolved gases and pH-control additives at temperatures as high as 
300 oC, using data determined in light water systems. The methods now used to correct these 
models for the differences between light-water and heavy-water systems are based entirely on 
room temperature studies. Tremaine’s UNENE CRD grant is for a definitive laboratory study to 
provide fundamental data and understanding for the difference in ionization constants between 
H2O and D2O, for simple acids and bases at the extreme temperatures and pressures 
encountered in nuclear reactors (250 to 300 C and 10 MPa). The first phase developed high 
precision AC conductance, densimetry, and UV-visible methods to measure the deuterium 
isotope effect on acid-base ionization.  These state-of-the-art instruments, constructed of inert 
materials to withstand the corrosive conditions that exist in high temperature water, are used to 
measure differences in the chemical equilibrium constants in H2O and D2O under identical 
conditions.  The second and third phases are using these instruments, and a new custom-made 
Raman spectrometry system, to calibrate a number of D2O buffer systems and pD indicators for 
laboratory use at temperatures up to 300 C, and to develop an improved, practical model for 
estimating the magnitude of D2O isotope effects on metal hydrolysis and metal oxide solubility 
under CANDU operating conditions. Recent results have included the conductivity 
measurements to quantify the difference in ionization constants and transport properties of 
acids and fission products between light and heavy water at temperatures up to 325 oC.  These 
are among the first such results ever reported under such extreme conditions. Initiatives to 
develop a chemical equilibrium model for heavy-water primary coolant chemistry are underway. 
The project will contribute to research aimed at extending the lifetime of existing reactors by 
providing criteria for optimizing primary circuit pD to reduce feeder tube thinning. It will make a 
long term contribution to Canada's leadership role in heavy water technology by providing a 
fundamental understanding of D2O isotope effects on chemical equilibria under extreme 
conditions of temperature and pressure. 
 
Tremaine’s other research uses state-of-the-art instruments to determine ionization and 
association constants for simple acids, bases, dissolved metals, and organic complexes under 
near-critical and super-critical conditions that will be encountered in the Generation IV CANDU 
Supercritical Water-cooled Reactor (“SCWR”).  The projects include the construction of high-
pressure cells and calibration of the equipment for operation in the supercritical region, 
measurements on several acids, bases and salts relevant to Gen IV steam generator chemistry, 
and the development of equations to predict the behaviour of aqueous species under these 
extreme conditions.  The experimental equipment, models, and new research capabilities will all 
be directly applicable to the current CANDU reactor fleet. 
 
 
Research Facilities 
 
The current suite of high-precision instruments includes several with unique capabilities.  The 
high-temperature platinum vibrating tube densimeter, constructed  in 1997, is one of fewer than 
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six worldwide that provide the precision ( 110-5 g/cm3) needed to  measure standard partial 
molar properties of aqueous electrolytes up to 350 oC.  The UV-visible flow system constructed 
in 1999, has the stability needed for quantitative spectroscopic studies up to 275C, and is 
being upgraded for operation up to 400 oC.   The AC flow conductance instrument, constructed 
at the University of Delaware, is one of only two such instruments in North America, with the 
capability to operate under supercritical conditions. These instruments all make use of inert cells 
fabricated from platinum, zirconium, titanium or Hastelloy C, and high-pressure liquid 
chromatography pumps with precise external pressure-control and sample injection systems. 

Recent CFI and NSERC Strategic Grants, supported by AECL and UNENE, have added a new 
high temperature (50 - 300 oC) solution calorimeter and state-of-the-art Raman spectrometer 
capable of making in situ measurements of aqueous solutions at supercritical conditions.  Cells 
suitable for use under CANDU-PHW and CANDU SCWR reactor coolant conditions have been 
developed.  
 
 
Research Team 
 
In 2013/14, the Hydrothermal Chemistry Group graduated one PhD student and four MSc 
students.  The group now consist of two postdoctoral fellows, three research associates,  three 
PhD students and two MSc students.  Research Associate Dr. Jenny Cox (BSc U.  Toronto, 
PhD, ETH, Zurich) manages the laboratory.  Dr. Hugues Arcis and MSc student Kwame Agbovi 
(MSc, Queens) worked on our UNENE D2O project conductivity measurements.  Dr. Lucas 
Applegarth, Dr. Swaroop Sasidharanpillai and honours chemistry student John Noel carried out 
Raman studies on the UNENE project.  Dr. Olivia Fandino Torres; PhD students Jane 
Ferguson, Chris Alcorn and Daniel Nieto Roca; and MSc student Christine McGregor worked on 
projects related to the supercritical water reactor, PWR boric acid chemistry, or basic research.  
The projects include collaboration with computational chemists, Prof. Cory Pye (St. Mary’s 
University), Scott Hopkins (University of Waterloo) and Prof. Nela Mora-Diaz (Thompson River 
University).   
 
 
Publications 
 
Published Research Papers: 

1. L.M.S.G.A. Applegarth, C. Alcorn, K. Bissonette, J. Nöel, P. Tremaine.  Non-complexing 
Anions for Quantitative Speciation Studies by Raman Spectroscopy in Fused-silica High 
Pressure Optical Cells under Hydrothermal Conditions, Appl. Spectroscopy (Accepted). 

2. S. Quinlan, D. Shvedov, L.N. Trevani and P.R. Tremaine. Thermodynamics of the Sodium-
Iron-Phosphate-Water System under Hydrothermal Conditions. Part I: The Solubility and 
Gibbs Energy of Formation of Sodium Iron (III) Hydroxy-Phosphate, 
Na3Fe(PO4)2(Na4/3H2/3O), from 225 to 325 oC, J. Solution Chem. (Special issue honouring 
Prof. R.H. Wood) (Accepted). 

3. J. Plumridge, H. Arcis and P. R. Tremaine, Limiting Conductivities of Univalent Cations and 
the Chloride Ion in H2O and D2O under Hydrothermal Conditions, J. Solution Chem. (Special 
issue honouring Prof. R.H. Wood). (Accepted).  

4. N. Mora-Diez, Y. Egorova, H. Plommer, P. R. Tremaine, Theoretical Study of Deuterium 
Isotope Effects on Acid-Base Equilibria under Ambient and Hydrothermal Conditions, JCS 
Advances (Accepted).  
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5. H. Arcis, G.H. Zimmerman and P.R. Tremaine, Ion-Pair Formation in Aqueous Strontium 
Chloride and Strontium Hydroxide Solutions under Hydrothermal Conditions by AC 
Conductivity Measurements,  Phys. Chem. Chem. Phys. 16, 17688-17704 (2014). 

6. Y. Coulier and P. R. Tremaine, Standard Partial Molar Heat Capacities and Enthalpies of 
Formation of Aqueous Aluminate under Hydrothermal Conditions from Integral Heat of 
Solution Measurements.  J. Chem. Thermodynamics 78, 79-92 (2014). 

7. L.M.S.G.A. Applegarth, C.R. Corbeil, D.J.W. Mercer, C.C. Pye and P. R. Tremaine, A 
Raman and Ab Initio Investigation of Aqueous Cu(I) Chloride Complexes from 25 to 80 oC. 
J. Phys. Chem. B 118, 204 - 214 (2014).  

 
Published Proceedings from Conferences and Workshops: 

8. S. Dickinson, M. Bachet, R. Eaker, J. Henshaw, C. Marks, P. Tremaine, D. Wells.  Proc. 
Nuclear Plant Chemistry Conference 2014 (NPC2014), (Sapporo, Japan, October 26-31,  

9. C. Pye, Liwei Cheng, and P.R. Tremaine, Metal Speciation under Supercritical Water-
Cooled Reactor Coolant Conditions by Ab Initio Calculations, Spectroscopy and 
Conductivity Measurements, Proc. 19th Pacific Basin Nuclear Conf. (Vancouver, Aug. 24-28, 
2014). 

10. L. Applegarth and P. Tremaine, Boiling Points and Speciation of Aqueous Electrolyte 
Solutions Under “Hideout” Conditions in Supercritical Water-cooled Reactor Coolant by 
Raman Spectroscopy, Proc. 19th Pacific Basin Nuclear Conf. (Vancouver, Aug. 24-28, 
2014). 

 
 
Interactions / Consultations with Industry 
 
Committees and Boards: 

Dr. Tremaine serves on two industrial advisory committees for the nuclear industry:  

� Member, MULTEQ Database Advisory Committee, Electric Power Research Institute (EPRI).  
� Member, Advisory Committee NSERC/AECL Chair in Radiation Chemistry held by Prof. 

Clara Wren, Univ. Western Ont. (2005 to present) 
 
 
Project-related Interactions with Industry 

The UNENE Technical Advisory Committee (TAC) has visited Guelph on an annual basis, from 
2006 to 2013.  The Committee also provides technical advice for the Strategic and CRD grant 
funded projects for this group.  The UNENE Project Advisory Committee did not meet in 2014 
because a proposal to incorporate Dr. Tremaine’s program into an Industrial Research Chair 
with support from UNENE and COG is in progress.  Dr. Tremaine is providing input on 
Canadian nuclear industry R&D needs as a member of the EPRI MULTEQ Database 
Committee, which recently published and updated databases for the solubility of magnetite, 
transition-metal ferrites and chromites. He is also an associate member of the COG Chemistry 
Working Group, and a member of the Canadian National Committee of the International 
Association for the Properties of Water and Steam (Prof. W.  Cook, UNB, Chair).  Dr. Tremaine 
also meets biannually with the EPRI Pressurized Water Reactor Technical Committee (P-TAC) 
to report on a contract-funded research project on fuel deposit chemistry. 
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External Employment of Students, PDFs and Research Associates 
 
Past students, postdoctoral fellows and research associates have been recruited into career  
positions at AECL (Chalk River Laboratories), engineering consulting companies, and university 
teaching positions at UOIT. One of our 2013 MSc graduates has gone on to further energy-
related graduate work (PhD) in France; one is teaching at Laurentian University; one was 
offered employment in a chemical company; and one has moved to the United States.   
 
 
 
  




