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University of Guelph – Peter Tremaine IRC 

 

UNENE/NSERC IRC Program:  High Temperature Aqueous Chemistry 
 

 
Overview 
 
The NSERC/UNENE Senior Industrial Research Chair in High 
Temperature Aqueous Chemistry was awarded to Professor Peter 
Tremaine at the University of Guelph in 2016. The purpose of the 
Chair is to expand mission-oriented experimental research and 
modelling expertise in areas related to the primary coolant chemistry, 
moderator chemistry, steam-generator chemistry of the CANDU 
reactor fleet, and the geological storage of nuclear spent fuel.  
 
The laboratory has unique expertise in the development and use of 
quantitative thermodynamic and spectroscopic techniques to 
understand and model aqueous chemistry under the extreme 
conditions that exist in nuclear-reactor and spent-fuel storage 
systems.  
 
The funding model is unique for a UNENE IRC, in that support is provided by three other 
industrial partners, in addition to UNENE: the CANDU Owner’s Group (COG), the Nuclear 
Waste Management Organization (NWMO), and the Electric Power Research Institute (EPRI). 
Additional support from the University of Guelph included the recruitment of a tenure-track 
professor in an area of research related to the IRC activities.  
 
 
Program Highlights 
 

 Professor Khashayar Ghandi was recruited from Mt. Allison University to fill the vacancy 
created by appointing Prof. Tremaine to the IRC. He is an expert in radiation chemistry and 
high temperature muonium studies, who will seek to establish a CANDU-related research 
program to complement the IRC. 

 Co-op Ph.D. student Jacy Conrad completed her 1-year work term at Chalk River, with a 
project in radiation chemistry at CNL. Co-op M.Sc. student Jason Sylvester begins his work 
term at CNL in September 2018. 

 Research Associate Dr. Hugues Arcis won two international “early-career” scientist awards 
for research on UNENE and EPRI programs. Graduate students won CNS and UNENE best 
paper awards and scholarships. 

 Prof. Tremaine and project staff participated in advisory committees and research projects 
to develop recommendations for hot conditioning chemistry, and to assess the 
consequences of carbon diode uptake by morpholine on CANDU secondary coolant 
chemistry.  

 A major 4-year EPRI-funded project which measured thermodynamic constants needed to 
model polyborate species under PWR coolant conditions was completed. 

 The Tremaine Group published or submitted 8 journal articles, 5 refereed conference 
proceedings, and 2 EPRI Technical Reports. 
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 An additional $80,000 in support was received from COG and NSERC for the deuterium 
isotope research project and Jacy Conrad’s Co-op PhD work term at CNL. 

 

 
 
Co-op PhD Student Jacy Conrad job-shadowing at the Point Lepreau Nuclear Generating 
Station during her 1-year work term an Chalk River Laboratories. CNL was honoured with the 
Co-op Employer of the Year Award by the University of Guelph for the experience provided to 
Ms. Conrad at a presentation attended by CNL staff Dr. Ian Muir and Dr. Craig Stuart, April 5, 
2018. 
 
 
Graduations, Employment, and Awards: 
 

 Co-op Ph.D. student Jacy Conrad completed her 1-year work term at Chalk River, with a 
project in radiation chemistry at CNL. The Co-op Chemistry Ph.D. is a novel graduate 
program at Guelph for exceptionally qualified students, and Ms. Conrad is the first student to 
enroll in a nuclear-related area.  

 Research Associate Dr. Hugues Arcis won two international awards for scientists under 40 
years of age. The Stig Sunner Memorial Award is given by the North American 
Calorimetry Conference to recognize research contributions to thermodynamics and 
thermochemistry. The IAPWS Helmholtz Award is given by the International Association 
for the Properties of Water and Steam (IAPWS) for research contributions to the 
development of formulations for steam and water properties and power-cycle chemistry. 

 Senior Research Associate and Lab Manager Dr. Jenny Cox was nominated for a 
President’s Award for Exemplary Staff Service in the category of Innovative Leadership. 

 Ph.D. student Jane Ferguson won "Best Ph.D. Student Contribution” at the 42nd Annual 
CNS/CNA Student Conference and at the UNENE annual workshop.  Co-op Ph.D. student 
Jacy Conrad received an “NSERC Alexander Graham Bell Canada Graduate Scholarship –
Doctoral”.   

 Christine McGregor graduated with her M.Sc. in June 2017, then worked in our group as 
research assistant until March 30, 2018. She was recruited by CNL and started in April 
2018. 

 Ph.D. Student Chris Alcorn defended his Thesis on Mar. 7, 2018 (Topic: Uranyl Sulfate 
Chemistry under SCWR Coolant Conditions) and has now graduated.   
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Program Research Results 
 
D2O Isotope Effects: CANDU nuclear reactors are a uniquely Canadian technology in that their 
design is based on the use of heavy water in the primary heat transport system. Despite their 
long operating history, there is an almost total lack of fundamental data on the differences in 
chemistry between light and heavy water at temperatures above 100 oC. A fundamental 
understanding of the differences between light-water and heavy-water chemistry will allow 
reactor operators to further optimize reactor chemistry to reduce feeder tube thinning and 
activity transport.   
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
A unique AC conductivity flow cell is used to measure accurate limiting conductivities and 
ionization constants of model systems at CANDU primary coolant temperatures and pressures. 
Together with conductivity and Raman measurements, density functional theory is being used 
to predict deuterium isotope effects on aqueous iron species that determine magnetite solubility. 
 
 
During the past year, we have reanalyzed the data from our first conductivity study on acetic 
acid in D2O up to 275 °C, and applied improved methods to analyze experimental values of 
ΔpKa,1 for phosphoric acid (H3PO4 and D3PO4) in H2O and D2O up to 300 °C. Complementary 
studies using Raman spectroscopy have successfully determined the deuterium isotope effect 
on the ionization constants of carbonate ion DCO3

- from 150 to 200 oC, and the phosphate ion 
DPO4

- from 100 to 325 oC.  These are the first accurate experimental values for ΔpKa above 
100 °C to be reported since the classic work at Oak Ridge and Whiteshell in the 1980s.  The 
experimental results are being used to test the accuracy of quantum mechanical computational 
techniques for calculating the deuterium isotope effects on model systems. The extension to 
estimate D2O isotope effects on the hydrolysis reactions of Zn2+, Fe2+ and Fe3+ that control zinc 
oxide and magnetite solubility will begin next summer. 

 
Organic Solutes in Water up to Near Critical Conditions 
Organic compounds are added to the secondary coolant as chemical control agents, and are 
also present as contaminants from condenser leaks and ion-exchange resins. Industry trends 
towards higher operating temperatures require better models to assess new additives and fate 
of organic thermal decomposition products. The project will begin with studies on amines, 
including proposed hydrazine replacements and their decomposition products, using the new 
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nanocalorimeters acquired from our CFI JELF grant. M.Sc. student Samantha Binkley has been 
recruited to work on the project and will join the Group in September. 
 
Thermodynamic Properties of Model Actinides and Fission Products 
Recent studies by NWMO have identified gaps in thermodynamic data for radionuclides in 
highly saline solutions and above ambient temperatures (50 to 125 oC). Data for actinide and 
fission product species at CANDU reactor primary coolant temperatures (250 to 325oC) are 
even more sparse. 
   
Scoping studies to determine La3+ ion pairing with OH- and Cl- up to 335 oC by Raman 
spectroscopy and conductivity have begun. The hydroxide results will be used to develop 
parameters for the equations of state in order to model M3+ actinide transport in primary coolant 
systems. The chloride results will be used to test competing activity coefficient models in the 
thermodynamic databases used to model radionuclide transport from geological spent fuel in 
repositories at very high brine concentrations up to 150 oC. 
  
Over the past three years, quantitative first and second formation constants of aqueous uranyl 
sulfate complexes have been measured from 25 – 375 °C by Raman spectroscopy using high 
pressure quartz capillary cells. These are the first values reported above 60 oC. M.Sc. student 
Jason Sylvester has begun similar measurements on uranyl chloride to determine data needed 
to model supercritical water reactor and near-field conditions in geological spent-fuel 
repositories (250 to 375 oC, and 25 to 150 oC, respectively), at chloride concentrations up to 20 
mol kg-1. 

 

 
 
 
Custom Raman spectrometer, which detects the characteristic vibrations of each aqueous 
species using polarized light. The Raman spectra of uranyl sulfate under in-core “hideout 
conditions provide thermodynamic data for modelling “hideout” of uranium from failed fuel, 
including formation of two liquid phases, under supercritical water reactor coolant conditions.  
 
 
Cases with Realized Outcomes to Industry  
 
PWR Chemistry (EPRI Funded) 
Thermodynamic and transport property data for boric acid, borates and polyborates are needed 
to model the chemistry in fuel deposit crevices of pressurized water reactors (PWRs) under the 
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“hideout” conditions that lead to crud-induced power shifts. Boric acid is also used in CANDU 
moderator systems.  EPRI has funded a comprehensive study at Guelph using the laboratory’s 
unique high-precision flow-through AC conductance instrument and Raman spectroscopic 
techniques to identify the major borate and polyborate species, and to measure their limiting 
conductivities and thermodynamic formation constants from 25 oC up to ~350 oC.  In the coming 
year, the results will form the basis for a new database for borate chemistry in the EPRI 
chemical modelling software MULTEQ, ChemWorks and BOA.  
 
Modelling CANDU Coolant Chemistry 
Over the past three years, we have contributed to the development of new databases for the 
solubility of magnetite, nickel and cobalt ferrites in the EPRI chemical equilibrium modelling 
code MULTEQ.  
 
 
Research Facilities and Equipment 
 
The IRC research makes use of a wide range of both custom-built and commercial 
instrumentation for high-precision measurements on hydrothermal solutions. These instruments 
all employ inert cells fabricated from platinum, zirconium, titanium or Hastelloy C in order to 
measure the thermodynamic properties of solutions of interest to up to 350 oC and 20 MPa in 
situ.   
 
 
Current Highly Qualified Personnel 
 

 Current HQP 2018:  4 RA, 1 PD, 3 Ph.D.’s, 3 M.Sc.’s, 1 UG Student. 

 Co-op M.Sc. student Jason Sylvester will begin his 8-month co-op work term at CNL Chalk 
River in beginning September 2018 (supervised by Craig Stuart and Ming Huang). 

 New M.Sc. student Samantha Binkley will be starting in September 2018 to work on 
calorimetry and amine compounds. 

 
 
Publications / Journal Papers 
 
Refereed Publications 

 McGregor, C., Al-Abdul-Wahid, S., Robertson, V., Cox, J. S., & Tremaine, P. R. (2018). 
"Formation Constants and Conformational Analysis of Carbamate in Aqueous Solutions of 
2-Methylpiperidine and CO2 from 283 K to 313 K by NMR Spectroscopy," J. Phys. Chem. 
B, 122:9178-9190. 

 Fandiño, O., Sasidharanpillai, S., Soldatov, D. V., & Tremaine, P. (2018). "Carbamate 
Formation in the System (2-Methylpiperidine + Carbon Dioxide) by Raman Spectroscopy 
and X-Ray Diffraction," J. Phys. Chem. B, Accepted. 

 Applegarth, L., Pye, C., Cox, J. S., & Tremaine, P. R. (2017).  “A Raman Spectroscopic 
and Ab Initio Investigation of Aqueous Boric Acid, Borate and Polyborate Speciation from 
25 to 80 °C,” Ind. Eng. Chem. Res., 56:13983-13996. 

 McGregor, C., Fandino, O., Cox, J. S., Ballerat-Busserolles, K., & Tremaine, P. R. (2017).  
“Standard Partial Molar Heat Capacities and Volumes of Aqueous N-Methylpiperidine and 
N-Methylpiperidinium Chloride from 283 K to 393 K,” J. Chem. Thermodyn., 113:377-387. 

 Ferguson, J. P., Arcis, H., Zimmerman, G. H., & Tremaine, P. R. (2017).  “Ion-Pair 
Formation Constants of Lithium Borate and Lithium Hydroxide under Pressurized Water 
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Nuclear Reactor Coolant Conditions,” J. Chem. Thermo., 56:8121-8132. 

 Nieto Roca, D. E., Romero, C. M., & Tremaine, P. R. (2017).  Ionization constants of DL-2-
aminobutyric acid and DL-norvaline under hydrothermal conditions by UV-visible 
spectroscopy. J. Soln. Chem., 46:388-423. 

 Lowe, A. R., Cox, J. S., & Tremaine, P. R. (2017).  Thermodynamics of Aqueous Adenine: 
Standard Partial Molar Volumes and Heat Capacities of Adenine, Adeninium Chloride and 
Sodium Adeninate from T = 283.15 K to 363.15 K.  J. Chem. Thermodyn.,112:129-145. 

 Arcis, H., Ferguson, J. P., Applegarth, L. M., Zimmerman, G. H., & Tremaine, P. R. (2017).  
Ionization of Boric Acid in Water from 298 K to 623 K by AC Conductivity and Raman 
Spectroscopy.  J. Chem. Thermodyn., 106:187-198. 

 
Technical Reports 

 P. Tremaine, H. Arcis, J. Cox, J. Ferguson, S. Sasidharanpillai; EPRI Project Manager D. 
Hussey.  Metal-Borate Complexes in PWR Coolant – Feasibility Study EPRI Technical 
Report 10006439, Submitted. 

 P. Tremaine, H. Arcis, J. Cox, J. Ferguson, C. Pye, S. Sasidharanpillai; EPRI Project 
Manager D. Wells.  Lithium Polyborate Species under PWR Primary Coolant Conditions 
EPRI Technical Report 10006135, In preparation. 

  
Published Proceedings from Conferences and Workshops 

 Ferguson, J. P., Sasidharanpillai, S., Arcis, H., Cox, J. S., Wells, D., P. Tremaine (2018).  
Speciation and Thermodynamic Properties of Aqueous Triborate under PWR Primary 
Coolant Conditions by AC Conductivity and Raman Spectroscopy.   21st International 
Conference on Water in Nuclear Reactor Systems. 

 Dickinson, S., Wells, D., Bachet, M., Banks, A., Tremaine, P., J. Henshaw, NNL, UK; C. 
Marks, Dominion Engineerin, USA (2018).  Borate-silicate complex formation in PWR 
coolant.   21st International Conference on Water in Nuclear Reactor Systems. 

 Alcorn, C. D., Cox, J. S., Applegarth, L. M., & Tremaine, P. R. (2018).  Uranyl Sulfate 
Complexation under Hydrothermal Conditions by Quantitative Raman Spectroscopy and 
Density Functional Theory Calculations.   17th ICPWS. 

 Ferguson, J., Arcis, H., Hussey, D., Wells, D., & Tremaine, P. R. (2017).  Boric Acid 
Ionization Constants and Triborate Formation Constants under PWR Primary Coolant 
Conditions by AC Conductivity.   Proc. 37rd CNS Student Conf. 

 Alcorn, C., Cox, J., Applegarth, L., & Tremaine, P. R. (2017).  Quantitative Raman 
Investigation of Uranyl Sulfate Complexation under Hydrothermal Conditions.   Proc. 37rd 
CNS Student Conf.. 

 
 
Interactions With Industry 
 
Committees and Boards 

 Prof. Tremaine serves on three industrial advisory committees for the nuclear industry:  the 
EPRI MULTEQ Database Advisory Committee; the Canadian National Committee of the 
International Association for the Properties of Water and Steam; and is an Associate 
Member of the COG Chemistry Working Group. 

 
Project-related Interactions with Industry 

 The UNENE Technical Advisory Committee has visited Guelph on an annual basis since 
Prof. Tremaine’s first CRD grant in 2006.  The Committee also provides technical advice for 
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the Strategic and CRD grant funded projects for his group.  The UNENE Project Advisory 
Committee met on March 8, 2018.  Guelph hosted the UNENE Board Meeting and the 
Research Advisory Committee Meeting on May 10 - 11, 2018. 

 Prof. Tremaine is a member of the EPRI Database Committee, which develops the chemical 
equilibrium modeling code MULTEQ. MULTEQ is used by the nuclear industry in Canada 
and elsewhere to model secondary coolant chemistry. As part of the IRC program, he 
provides input on Canadian nuclear industry R&D needs, and contributes to database 
development.  He took part in monthly conference calls and the annual 3-day meeting in 
Charlotte, NC (July 18 - 20, 2017).  

 Prof. Tremaine made presentations on IRC progress to the UNENE Annual Chemistry 
Workshop, December 11 - 12, 2017, and the COG Chemistry Working Group Meetings in 
Toronto on April 27, 2017 and April 24, 2018. 

 Prof. Tremaine and Dr. Arcis attended EPRI Pressurized Water Reactor Technical Advisory 
Committee (P-TAC) meetings in July 2017 and February 2018 to report progress on 
contract-funded research to understand and model polyborate fuel deposit chemistry.  

 Several discussions and a short scoping study were carried out with Dr. Dave Evans and 
Dr. Kristine Liao (OPG) to determine the conditions under which CO2 could contaminate 
morpholine and the effects on secondary coolant chemistry when it is present.  

 Dr. Tremaine is serving on a contract-funded panel (Paul Spekkens, Kinectrics, Panel Chair) 
to provide input on hot-conditioning chemistry procedures for the Darlington nuclear reactors 
when they are returned to service after their refurbishment outages. 

 Dr. Jenny Cox served as an independent reviewer on the COG report “COG-17-4035: pH 
Measurements in CANDU Primary and Secondary Systems” in 2018. 

 
  




