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Executive Summary 

The Direct Feed Low-Activity Waste (DFLAW) process has been proposed to support early 
production of immobilized low-activity waste (ILAW). In the DFLAW process, Hanford tank waste is 
sent to the Low-Activity Waste Pretreatment System (LAWPS) for filtration and cesium removal. The 
resultant treated waste is delivered to the LAW Vitrification Facility at the Hanford Tank Waste 
Treatment and Immobilization Plant (WTP) for immobilization. The conceptual design and ongoing 
technology maturation of the LAWPS facility are being conducted by Washington River Protection 
Solutions, LLC (WRPS), but the DFLAW process also necessitates interfaces between WRPS and 
Bechtel National, Inc. to deliver the treated LAW from the LAWPS facility to the WTP for vitrification.  

This report describes gas generation testing of the spherical resorcinol-formaldehyde (sRF) resin that 
was conducted to support the technology maturation of the LAWPS facility. The current safety basis for 
the LAWPS facility is based primarily on two studies that had limited or inconclusive data sets. One of 
the two studies indicated a 40% increase in hydrogen generation rate of water (as predicted by the Hu 
model) with sRF resin over water alone, resulting in the assumption derived by WRPS that the maximum 
hydrogen production in the presence of sRF resin is 1.4 times the Hu model output for water.1 However, 
the previous studies did not test the range of conditions (process fluids and temperatures) that are 
expected in the LAWPS facility. Additionally, the previous studies did not obtain replicate test results or 
comparable liquid-only control samples. To address the knowledge gaps and address potential gas 
generation under LAWPS operating conditions, this study was conducted under the following conditions:  

• Water alone and in the presence of Na-form sRF resin at 25 °C, 45 °C, and 70 °C 

• 5.6M Na nominal feed simulant alone and in the presence of Na-form sRF resin at 25 °C, 45 °C, and 
70 °C. An additional condition of the 5.6M Na nominal feed simulant with 1% (w/w) total organic 
carbon added in the form of Na3-HEDTA was tested with and without Na-form resin at 70 °C 

• 0.45M HNO3 alone and in the presence of H-form sRF resin at 25 °C, 45 °C, and 70 °C 

All of the testing described in this report returned hydrogen generation rates that are within the 
current safety basis for the facility of 1.4 times the Hu model output for water. One unexpected result of 
note is the self-heating behavior that was observed in the 45°C and 70°C vessels with resin and 0.45M 
nitric acid once heated. The vessels continued to increase in temperature, requiring intervention on the 
part of the analyst to maintain the temperatures at the testing set-points. This behavior was observed in 
both the thermal and irradiated systems. 

                                                      
1 Yarbrough RJ and WE Bryan. 2014. Flammable Gas Calculations for the LAWPS Project Vessels, RPP-CALC-
57640 Rev. 1. Washington River Protection Solutions, Richland, WA. 
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1.1 

1.0 Introduction 
The primary mission of the U.S. Department of Energy Office of River Protection (DOE-ORP) is to 

retrieve and process approximately 56 million gallons of radioactive waste from 177 underground tanks 
located on the Hanford Site. The Hanford waste tanks are currently operated and managed by Washington 
River Protection Solutions, LLC (WRPS). As part of tank farm operations, WRPS supports DOE-ORP’s 
waste retrieval mission. An important element of the DOE-ORP mission is the construction and operation 
of the Hanford Tank Waste Treatment and Immobilization Plant (WTP). The WTP is tasked with 
separating the waste into low-activity waste (LAW) and high-level waste fractions and immobilizing 
these fractions by vitrification. The primary contractor supporting the construction of the WTP is Bechtel 
National, Inc. 

To support early production of immobilized LAW, the Direct Feed Low-Activity Waste (DFLAW) 
process has been proposed. In the DFLAW process, supernatant is sent to the Low-Activity Waste 
Pretreatment System (LAWPS) for filtration and cesium removal. The resultant treated waste is delivered 
to the WTP LAW Vitrification Facility for immobilization. The conceptual design and ongoing 
technology maturation of the LAWPS facility are being conducted by WRPS, but the DFLAW process 
also necessitates interfaces between WRPS and Bechtel National, Inc. to deliver the treated LAW from 
the LAWPS to the WTP for vitrification.  

Before the feed is transferred to the WTP LAW Vitrification Facility, tank supernatant waste will be 
pretreated in the LAWPS to meet the WTP LAW waste acceptance criteria. The key process operations 
for treating the waste include solids separation (by crossflow filtration) and cesium removal (by ion 
exchange). Figure 1.1shows a general schematic of the anticipated process streams and unit operations.  

  

  
Figure 1.1. General conceptual schematic of the LAWPS facility unit operations and process streams. 



 

1.2 

To support LAWPS design selections prior to key project milestones (Critical Decisions1) and to 
improve the technology maturation level of the LAWPS, WRPS has planned both an integrated 
engineering-scale test facility using prototypic equipment and a full-scale test apparatus for the ion 
exchange columns. To support these larger-scale facilities, WRPS identified five technical tasks in 
statements of work2,3,4 to be performed by Pacific Northwest National Laboratory (PNNL). These tasks 
are distinct from the larger-scale test facilities and are intended to help achieve the following objectives: 

• Provide technical information or data that 

– supports refinements or simplifications of larger-scale test facilities; or  

– provides expected performance of unit operations (guiding larger-scale operation or providing 
scale-up data).  

• Support the safety basis of the planned LAWPS facility, specifically regarding hydrogen 
management. 

The five PNNL technical tasks consist of the following focus areas: 

1. Development of LAW waste simulants 

2. Small-scale crossflow filtration testing with simulants 

3. Gas generation measurements in the presence of spherical resorcinol-formaldehyde (sRF) ion 
exchange resin  

4. Gas retention/release dynamics and fluidization of sRF ion exchange resin 

5. General technical support to the larger-scale testing 

Tasks 1 and 2 are focused on providing technical information to inform the larger-scale test facilities, 
whereas the Tasks 3 and 4 support the LAWPS facility safety basis. Task 5 directly supports the larger-
scale testing. This report details work performed to address Task 3, “Gas generation measurements in the 
presence of sRF ion exchange resin.”  

Gas generation during LAWPS operations can come from three main sources: thermal degradation of 
organic species, radiolytic degradation (both of water and organic species), and corrosion processes. 
Some of the constituents of tank wastes inhibit both corrosion and radiolytic generation of hydrogen (e.g., 
NO2

- and NO3
-). Currently, the estimation of gas generated in Hanford tank wastes is performed using a 

model derived empirically from a study using a large number of waste simulants and actual tank wastes 
(Hu 2004, 2012), typically referred to as the Hu model. Within the gas generation model, the waste 
constituents that affect the generation rate (either inhibiting or enhancing the rate) include total organic 
carbon [TOC], [NO2

-], [NO3
-], [Na+], and [Al3+]. The effect of sRF resin on this gas generation is not well 

understood, as the current state of knowledge in gas generation from sRF ion exchange resin in tank waste 
simulants is derived from two studies (comprised of a sum total of four tests; see Duffey and Walker 2006 

                                                      
1 Critical Decisions (CDs) are defined in DOE O 413.3B, Program and Project Management for the Acquisition of 
Capital Assets, dated 12/20/2016. The relevant CDs being supported as described in the text of this report are CD-2, 
Approve Performance Baseline, and/or CD-3, Approve Start of Construction/Execution. 
2 Statement of Work, July 29, 2015, Requisition 279909, LAWPS Integrated Support Testing, Rev. 1. 
3 Statement of Work, April 4, 2016, Requisition 279909, LAWPS Integrated Support Testing, Rev. 2. 
4 Statement of Work, August 31, 2016, Requisition 279909, LAWPS Integrated Support Testing, Rev. 3. 
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and Birdwell et al. 2010). The current safety basis for hydrogen generation is based on the previous 
testing that was performed, which indicated a 40% increase in hydrogen generation with sRF resin present 
over that of liquid alone; therefore, the safety basis has been using 1.4 times the Hu model for water as the 
maximum possible hydrogen production within the facility. The effect of the sRF resin is twofold: first, 
when it is loaded with radio-cesium, it is a source for radiation, and second, it provides organic material 
that can be radiolytically and thermally degraded to generate hydrogen. During operations of the ion 
exchange columns in LAWPS, four separate solutions come in contact with the loaded ion exchange 
resin: 1) waste feed, 2) dilute sodium hydroxide rinse, 3) water rinse, and 4) 0.45 molar nitric acid elution 
solution. Of these four, the water rinse step is expected to provide the greatest potential for hydrogen gas 
generation. The simple solutions of dilute hydroxide and nitric acid should generate hydrogen gas at rates 
less than or equal to the generation rate in the water rinse, but are expected to have higher hydrogen 
generation rates than waste feed. As provided for in the gas generation model, Hanford tank wastes have 
components that can both inhibit and enhance the generation of hydrogen gas. Testing was needed to 
determine the effect of the sRF resin on gas generation and the applicability of the existing gas generation 
models. 

Initially, potential simulants were evaluated using the Hu model and the testing conditions were 
agreed upon in consultation with WRPS. The technical approach to the testing is described in addition to 
the results of the testing. Water, 5.6M Na nominal feed simulant (Russell et al. 2017), and 0.45M HNO3 
were tested alone and in the presence of sRF simulant at 25 °C, 45 °C, and 70 °C, in duplicate, with and 
without exposure to radiation. Additionally, the 5.6M Na nominal feed simulant with 1%(w/w) TOC in 
the form of Na3-HEDTA (N-(2-Hydroxyethyl)ethylenediaminetriacetic acid) was tested with and without 
resin at 70 °C in duplicate. In each test, the delivered total dose was approximately 300 MRad (± 10%). 
This report presents the experimental details as well as the testing results for all of the conditions tested. 

 



 

2.1 

2.0 Quality Assurance 

This work was conducted with funding from WRPS under contract 36437-187, “LAWPS Integrated 
Support Testing,” Low-Activity Waste Pretreatment System (LAWPS) Integrated Testing Project. The 
work was conducted as part of PNNL project 67535. 

All research and development (R&D) work at PNNL is performed in accordance with PNNL’s 
Laboratory-Level Quality Management Program, which is based on a graded application of NQA-1-2000, 
Quality Assurance Requirements for Nuclear Facility Applications, to R&D activities. To ensure that all 
client quality assurance (QA) expectations were addressed, the QA controls of the WRPS Waste Form 
Testing Program (WWFTP) QA program were also implemented for this work. The WWFTP QA 
program implements the requirements of NQA-1-2008, Quality Assurance Requirements for Nuclear 
Facility Applications, and NQA-1a-2009, Addenda to ASME NQA-1-2008, and consists of the WWFTP 
Quality Assurance Plan (QA-WWFTP-001) and associated QA-NSLW-numbered procedures that provide 
detailed instructions for implementing NQA-1 requirements for R&D work. 

Specific details of this project’s approach to assuring quality are contained in the LAWPS Testing 
Program Quality Assurance Plan (67535-QA-001, Rev. 0) and associated implementing procedures. The 
QA plan describes how the procedures of the WWFTP QA program were used in conducting the work. 
The work described in this report was assigned the technology level “Applied Research,” and was 
planned, performed, documented, and reported in accordance with procedure QA-NSLW-1102, Scientific 
Investigation for Applied Research. All staff members contributing to the work received proper technical 
and QA training prior to performing quality-affecting work. 
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3.0 Evaluation of Simulants for Gas Generation Testing 

Prior to conducting gas generation testing, the hydrogen generation rates for various liquids, both 
LAWPS process liquids and simulated liquid wastes, were modeled. The modeled results were presented 
to WRPS early in the project to guide the direction of gas generation testing. The modeled results are 
presented here. 

3.1 The Hu Model 

LAWPS process liquids and potential tank waste simulants were evaluated for the potential for 
hydrogen gas production using the Hu model (Hu 2004, 2012). The Hu model is an empirical model that 
was derived, based on actual hydrogen generation measurements, to describe the hydrogen generation 
behavior of the Hanford waste tanks.  

The model is divided into empirically derived terms that describe the hydrogen generation (HGR) 
from various waste components as a thermal organic term (HGRTHM Org), a radiolytic organic term 
(HGRRAD Org), a radiolytic aqueous term (HGRRAD H2O), and a corrosion term (HGRcorr). For the purposes 
of the modeling for gas generation testing that was to be conducted with only gamma dose and in 
stainless steel (e.g., corrosion-free), the terms involving alpha dose and corrosion were assumed to be 
zero. Therefore, the modeling was conducted using the following equations: 

𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇 𝑂𝑂𝑂𝑂𝑂𝑂 + 𝐻𝐻𝐻𝐻𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅 𝑂𝑂𝑂𝑂𝑂𝑂 + 𝐻𝐻𝐻𝐻𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅 𝐻𝐻2𝑂𝑂 , 

where 

𝐻𝐻𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇 𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑎𝑎𝑡𝑡ℎ𝑚𝑚 × �𝑟𝑟𝑓𝑓 × [TOC]� × [Al]0.4 × 𝐿𝐿𝑓𝑓 × 𝑒𝑒�−
𝐸𝐸𝑡𝑡ℎ𝑚𝑚
𝑅𝑅𝑅𝑅 � , 

𝐻𝐻𝐻𝐻𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅 𝑂𝑂𝑂𝑂𝑂𝑂 = [𝐺𝐺(𝐻𝐻2)𝑂𝑂𝑂𝑂𝑂𝑂

𝛽𝛽
𝛾𝛾 × 𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝛽𝛽
𝛾𝛾 ] × 𝐿𝐿𝑓𝑓 × 𝐶𝐶𝐶𝐶1 , 

and 

𝐻𝐻𝐻𝐻𝐻𝐻𝑅𝑅𝑅𝑅𝑅𝑅 𝐻𝐻2𝑂𝑂 = [𝐺𝐺(𝐻𝐻2)𝐻𝐻2𝑂𝑂

𝛽𝛽
𝛾𝛾 × 𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝛽𝛽
𝛾𝛾 ] × 𝐿𝐿𝑓𝑓 × 𝐶𝐶𝐶𝐶1 , 

with 

𝐺𝐺(𝐻𝐻2)𝑂𝑂𝑂𝑂𝑂𝑂
𝛽𝛽/𝛾𝛾 = 𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 × 𝑒𝑒(−𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅 ) × �𝑟𝑟𝑓𝑓 × [TOC]� , 

and 

𝐺𝐺(𝐻𝐻2)𝐻𝐻2𝑂𝑂

𝛽𝛽
𝛾𝛾 = 0.32

1+2.4[NO3−]+0.62[NO2−]+0.31[Na+]𝑒𝑒𝑒𝑒2
+ 0.13

1+139[NO3−]+54[NO2−] , 
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and where 

 Ethm = 89.6 kJ/mol = activation energy for the thermal reaction 

 athm = 4.56×104 mol/kg·s = pre-exponential factor of the thermal rate 

 Erad = 48.8 kJ/mol = activation energy in organic radiolysis G 

 arad = 1.11×107 molecules H2/100 eV = pre-exponential term in organic radiolysis G 

 rf = 0.6 for double-shell tanks and 0.3 for single-shell tanks = TOC reactivity coefficient 

 R = 8.314 J/mol·K = gas constant 

 [TOC] = TOC concentration in the simulated liquid waste (wt%) 

 [Al] = aluminum ion concentration in simulated liquid waste (wt%) 

 [NO3
−] = nitrate ion concentration in the simulated liquid waste (M) 

 [NO2
−] = nitrite ion concentration in the simulated liquid waste (M) 

[Na+]ex = concentration of sodium minus nitrate and nitrite concentration in simulated liquid 
waste (M) 

 𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝛽𝛽
𝛾𝛾  = total heat load from beta/gamma radiation (W/kg) 

Lf = liquid weight fraction 

T = temperature (K) 

CF1 = conversion factor from (molecules H2/100eV)(W/kg) to (mole/kg·s) 

3.1.1 Modeling Assumptions and Conditions 

As stated previously, in the case of the gas generation experiment specifically, only gamma dose was 
modeled, so the terms involving alpha dose were zero. Within the LAWPS ion exchange column, the 
alpha dose rate is anticipated to be negligible after the ultrafiltration. Additionally, the materials of 
construction of the column should not contribute to hydrogen generation through the effects of corrosion. 
The modeled conditions were for the gas generation experiment as well as the anticipated operating 
conditions of the LAWPS facility. To that end, the following conditions were modeled and are reported 
here: 25 °C operating temperature and 310 kRad/hr dose rate, 45 °C operating temperature and 310 
kRad/hr dose rate, and 45 °C operating temperature and 42.6 kRad/hr dose rate (this last dose value is For 
Information Only [FIO]). The first two conditions listed above covered the original two temperatures and 
the anticipated dose rate in the gas generation experiment. The final model condition represents the 
maximum designed operating temperature for the LAWPS facility and the anticipated dose rate (as 
calculated by PNNL radiological engineers using MicroShield®, assuming a point source from the center 
of a 42-inch-diameter × 50-inch-high resin column) for the ion exchange resin fully loaded with 106,000 
Ci of Cs-137. Note that the dose estimate for the LAWPS facility is an FIO estimate. It should also be 
noted that for the most part, G-values are not dose rate dependent, and as shown above, hydrogen 
generation has a linear relationship with dose rate. The TOC reactivity coefficient (rf) of 0.6 was 
employed as a ‘worst-case’ scenario for hydrogen generation by assuming that the TOC present has a 
high activity for hydrogen generation. The liquid fraction (Lf) of 1.0 was used because the assumption is 
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that all of the gas generation is happening in the liquid phase and the modeling was conducted for liquids 
only. 

3.2 Liquid Compositions Evaluated by the Hu Model 

A variety of liquid compositions were modeled using the Hu model to cover a range of sodium, 
nitrate, nitrite, aluminum, and TOC concentrations. Most of the modeled liquids were tank waste 
simulants with their compositions taken from Golcar et al. (2000), unless noted. Other liquids were 
modeled as they are intended for use in the LAWPS process. The bounding case was anticipated to be 
water, which has a G-value of 0.45, the largest possible G-value for Hu model liquid inputs. Table 3.1 
lists the compositions of each of the liquids in terms of their Hu model inputs. Liquid simulants were 
modeled with and without TOC if their recipes contained TOC. The original intention of this was to select 
simulants without TOC for testing to allow for the sRF resin to act as the organic in solution and not 
convolute the effects of added resin with additional TOC.  

Table 3.1. Modeled Simulant Compositions 

Simulant 
[TOC] 
(wt%) [NO2

-] [NO3
-] [Na+] 

[Al3+] 
(wt%) Comments 

Water 0 0 0 0 0 LAWPS process liquid 
Target Feed (5.6M Na 
simulant) 

0 1.02 1.78 5.574 0.350 Initial anticipated 
concentrations, prior to initial 
simulant letter report 

5.6M Na Simulant with 1% 
(w/w) TOC as Na3-HEDTA 

1 1.02 1.78 5.887 0.35 Target feed with significant 
amount of TOC added 

Dilute Complex Concentrate 
Feed AN-102 

1.06 0.3 0.9 2.2 0.382 Golcar et al. 2000 

AN-107 Simulant 0.976 0.296 2.02 5 0.105 Golcar et al. 2000 
A-101 0.158 0.83 0.92 5.01 0.928 Golcar et al. 2000 
AN-102 Complex Concentrate 0.976 0.471 1.29 5 0.421 Golcar et al. 2000 
AZ-102 Simulant 0 0.43 1.669 4.987 0.943 Golcar et al. 2000 
IX Test Feed 0 0.831 2.04 5.012 0.329 Russell et al. 2014 
Dilute HNO3 0 0 0.45 0 0 LAWPS process liquid 
Dilute NaOH 0 0 0 2.0 0 LAWPS process liquid 

(originally modeled as 2M) 

3.3 Modeled Hydrogen Generation Rates 

Figure 3.1 shows the modeled hydrogen generation rates of the modeled liquids. As expected, 
according to the Hu model, water has the largest hydrogen generation rate of the liquids that were 
modeled, with the NaOH resin regeneration liquid and the 0.45M HNO3 resin cesium elution liquid 
following closely. The only exception is for a tank waste that is known to have high levels of organic 
complexant such as AN-102, which, according to Golcar et al. (2000) contains almost 1% (w/w) TOC and 
has a modeled hydrogen generation rate greater than the nitric acid condition if the TOC is included in the 
modeling. 
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Figure 3.1. Modeled hydrogen generation rates of simulants and LAWPS process liquids. 
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4.0 Experimental 
PNNL has extensive experience measuring the gas generated by actual Hanford tank waste. During 

the period of 1996-1999, gas generation rates were measured for six Hanford tank waste types, both with 
and without external radiation exposure (Bryan et al. 1996; King et al. 1997; King and Bryan 1998, 
1999). Based on this experience, PNNL reproduced the gas generation apparatus for use in the current 
sRF resin gas generation testing, described in detail in Section 4.1.  

4.1 Experimental Conditions and Equipment 

Gas generation experiments were conducted under conditions in which the ideal gas law applies, 
meaning that at a fixed temperature and volume, if the number of moles of gas increases, then the 
pressure of the vessel will increase. The gas composition is measured via mass spectrometry, so the 
number of moles of each gas in each vessel can be calculated if the total number of moles of gas is 
known.  

No air testing was specified. The rationale for excluding oxygen is based on experience with actual 
waste experiments detailed in Bryan et al (1996). In the sRF resin experiments, the testing was designed 
to mimic the process conditions for gas generation expected to be seen by the resin in the LAWPS 
deployment. That is, in a closed column system not actively ventilated with air or other source of oxygen 
it is unlikely that oxygen (or air) would be in direct contact with the resin bed during use, and considering 
the low solubility and diffusion of oxygen into the system, this parameter was excluded from testing.   

Gas generation measurements were made using reaction vessels and a gas manifold system similar to 
those used in studies performed on simulated and actual Hanford tank wastes as described by Bryan and 
Pederson (1994, 1995). As in the past testing, the current gas generation rate measurements are made 
using reaction vessels and a gas manifold system. Two systems were constructed, one for the irradiated 
vessels and one for the thermal-only testing. The reaction vessels are connected to the gas manifold using 
small-diameter stainless steel connecting tubing. Small-diameter tubing was selected to minimize 
condensate collection in the tubing and to minimize the unheated portion of the system. Little to no 
condensate was observed in the tubing at the end of testing. Each reaction vessel has its own pressure 
transducer connected to the vessel’s gas manifold line. The entire surface of the reaction system exposed 
to the simulant sample is stainless steel, except for a gold-plated copper gasket sealing the flange at the 
top of the reaction vessel. Figure 4.1 shows a schematic of a reaction vessel with thermocouple placement 
in relation to the gas manifold system. Figure 4.2 is a photo of thermal gas generation manifold with 
attached gas generation test vessels, which was built specifically for this testing.  
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Figure 4.1. Schematic of the gas generation manifold with attached gas generation test vessel. 

 

 
Figure 4.2. Photo of the thermal gas generation manifold with attached gas generation test vessels. 

Sample irradiation experiments were performed at the High Exposure Facility (HEF) within the 318 
Building at PNNL. Due to the long duration of the irradiation exposures (35 to 40 days), a lead-lined 

to argon tank

Systems 2 – 8 not shown    
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bunker was constructed next to the HEF to house the gas generation experiment payload with the 
~1500 Ci Co-60 source centered on the gas generation test vessels. The bunker provides 8 inches of solid 
poured lead for shielding. Figure 4.3 shows the design drawing of the bunker, including a cut-away 
showing the sample carousel/source holder and the bunker plug, which is also lead-filled. The cutaway 
shown at left includes the gas generation vessel carousel that also holds the gamma source in the center, 
and the bunker plug including compound angle tubes for cable and gas line pass-through. The modeled 
external dose rate was expected to be < 50 mrem/hr. The actual external dose rates at the surface of the 
bunker closest to the source were closer to 30 mrem/hr. 

 
Figure 4.3. Schematic drawing of the “gamma bunker” used for gas generation testing. 

The photo on the left in Figure 4.4 is of the radiolytic “gamma bunker” in the background with the 
bunker payload (carousel attached to the bunker plug and manifold) staged to be transferred into the 
bunker prior to source transfer. The photo on the right in Figure 4.4 is a close-up view of the gas 
generation test vessels in the carousel prior to being loaded into the bunker. Figure 4.5 shows a picture of 
the assembled irradiation system in place for testing after source transfer. In the case of the 25 °C and 
45 °C testing, the bunker was actively cooled by flowing dry, compressed air through a freezer (not 
shown) and into the bunker. In Figure 4.5, the attached gas generation test vessels are within the bunker 
and are not in view.  
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Figure 4.4. Photograph of the gamma bunker payload (left) and close-up photo of the gas generation 
vessels loaded into the carousel prior to loading into the gamma bunker (right). 
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Figure 4.5. Assembled irradiation system with the source in place. 

4.2 Gas Generation System Tests 

To ensure that the moles of gas could be measured accurately when the reaction vessel temperature 
was changed, an experiment was conducted in which a known quantity of gas was measured at various 
reaction vessel temperatures. The reaction vessel temperature was increased from a starting temperature 
set-point of 25 °C to a set-point of 45 °C and held for approximately an hour, and then was increased to a 
temperature set-point of 70 °C, where it was held for approximately 20 hours. After the overnight hold, 
the vessels were cooled to a set-point of 45 °C for approximately an hour and then to a set-point of 25 °C 
and held for approximately an hour. This temperature range encompassed the expected temperature range 
for gas generation testing at the beginning of the project. The pressure of each vessel increased as the 
temperature increased. The number of moles calculated in each vessel remained constant. The results of 
each system test are described below.  
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4.2.1 Gas Generation System 1 (Rad System) 

Figure 4.6 shows the temperature profiles of the eight vessels in Gas Generation System 1 during the 
system test. Figure 4.7 shows the pressure profiles of the eight vessels in Gas Generation System 1 during 
the system test. The corresponding example moles calculation is shown in Figure 4.8 while Table A.1 
shows the mean calculated moles for each vessel in System 1 based on the measured temperatures and 
pressures from the system test. The standard deviation, percent relative standard deviation (% RSD), and 
% spread in the number of calculated moles are also presented. The % RSD for all vessels is less than 
0.3% with a spread in the calculated moles of less than 2% in all vessels. 

 
Figure 4.6. Gas Generation System 1, system test temperature profiles. 
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Figure 4.7. Gas Generation System 1, system test pressure profiles. 
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Figure 4.8. Gas Generation System 1; gas generation system test – moles calculation for Vessel 1. 

Table 4.1. System 1 (w/ radiation) System Test Results 
 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8 
Mean 0.002713 0.002701 0.002694 0.00271 0.002687 0.002731 0.002654 0.002725 
Std. Dev. 6.21E-06 7.52E-06 4.87E-06 5.96E-06 4.83E-06 6.13E-06 5.13E-06 7.88E-06 
% RSD 0.229 0.279 0.181 0.220 0.180 0.224 0.193 0.289 
% Spread 1.661 1.961 0.943 1.623 1.467 1.041 1.261 1.276 

4.2.2 Gas Generation System 2 (Thermal-only System) 

System 2 had temperature and pressure profiles that were very similar to System 1, as can be seen in 
Figure 4.9 and Figure 4.10, respectively. The corresponding example moles calculation is shown in 
Figure 4.11 while Table A.1 shows the mean calculated moles for each vessel in System 2 based on the 
measured temperatures and pressures from the system test. The standard deviation, % RSD, and % spread 
in the number of calculated moles are also presented. The % RSD for all vessels is less than 0.25% with a 
spread in the calculated moles of less than 1.3% in all vessels. 
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Figure 4.9. Gas Generation System 2, system test temperature profiles. 
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Figure 4.10. Gas Generation System 2, system test pressure profiles. 
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Figure 4.11. Gas Generation System 2; gas generation system test – moles calculation for Vessel 1. 

Table 4.2. System 2 (thermal) System Test Results 
 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8 
Mean 0.002639 0.002632 0.002656 0.002656 0.002662 0.002676 0.002669 0.002691 
Std. Dev. 3.49E-06 5.39E-06 4.34E-06 5.98E-06 5.11E-06 5.64E-06 4.9E-06 5.52E-06 
% RSD 0.132 0.205 0.163 0.225 0.192 0.211 0.183 0.205 
% Spread 0.645 0.860 1.250 1.185 1.109 1.025 0.802 1.278 

4.3 Simulant Preparation and sRF Resin Conditioning  

4.3.1 Simulant Preparation 

Simulant preparation was conducted with American Chemical Society (ACS) reagent grade materials. 
For the simulants with added NaOH, it was added in the form of a commercially supplied 50% (w/w) 
solution. The minor constituents in any simulant recipes were added from stock solutions so as not to rely 
on weighing milligram quantities of minor constituents. All other components were obtained and added 
directly as salts. The final volume was obtained through the addition of deionized (DI) water. The 
simulant preparations were filtered prior to loading into the vessels for testing.  
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4.3.2 sRF Resin Handling and Preparation 

The sRF resin production batch 1F-370/1392 was supplied by WRPS and was used for gas generation 
testing. PNNL’s approach to handling the sRF resin is described in the document PNNL Resin Handling 
Approach 1 , issued by the project that conducted the testing described in this report. The process for 
sampling resin from the original containers is discussed in project document GD-LPIST-001, Rev. 0.0.2 A 
sample of the sRF resin batch was collected in sufficient volume to complete all of the gas generation 
testing. The collected sRF resin-water slurry samples were flushed with argon gas to remove entrained O2 
and then tightly capped. Aliquots from this sample were collected for gas generation testing as needed 
and the parent sample material was flushed again with argon gas.  

Aliquots of the sampled resin were pretreated as outlined in the document PNNL Resin Handling 
Approach and the references therein. Briefly, the resin was conditioned for use by cycling from acid form 
to base form twice. The resin started out (as supplied by WRPS) in acid form and after rinsing with DI 
water was converted to base form (or Na-form) with the addition of 1.0M NaOH. After rinsing, the resin 
was converted back to acid form (H-form) using 0.45M HNO3. If H-form resin was used, processing was 
stopped here after rinsing. If Na-form resin was used, the resin was soaked in 1.0M NaOH after rinsing 
and then rinsed prior to use. In both the Na-form and H-form cases, the final resin was suspended in the 
test liquid prior to use. 

When aliquoting for gas generation testing was needed, a known volume of resin was transferred to 
the gas generation vessels and excess liquid was decanted to just above the top surface of the resin. An 
aliquot was sampled for F-factor (water content) analysis to determine the dry mass per unit wet resin 
volume that was used in calculations. The F-factor was determined by drying the F-factor samples at 
45 °C under vacuum until constant mass was achieved. 

4.3.3 Vessel Loading 

Test vessels were prepared by wrapping heat tape around the exterior with two thermocouples, one 
for the heater/controller for the vessel and one for over-temperature control. 

Vessels were loaded with simulant, water, simulant with resin, or water with resin as specified in the 
governing test instruction. Prepared vessels were temporarily sparged with argon and capped. After all 
vessels had been prepared, the vessels were uncapped and installed in the testing apparatus . 

4.4 Gamma Dose Calibration 

A study and calibration of the gamma dose to the sample vessels was conducted prior to the start of 
testing. This study included three evaluation methodologies, air-equivalent ionization chamber 
measurements, radiochromic film irradiations, and MCNP (Monte Carlo N-Particle transport code) 
modeling. The report of calibration is attached in its entirety as Appendix C of this report. This study was 
                                                      
1 Schonewill PP. 2015. PNNL Resin Handling Approach, Rev. 0. September 22, 2015. Pacific Northwest National 
Laboratory, Richland, WA. 
2 Tran DN. 2015. Sampling and Handling of Spherical Resorcinol-Formaldehyde Resin from FINNCONT or 
Smaller Resin Storage Containers. GD-LPIST-001, Rev. 0.0, Pacific Northwest National Laboratory, Richland, 
WA. 



 

4.13 

specific to the source and vessels used in testing to provide an estimate as well as the range of error in the 
dose received by all of the samples in the radiolytic system. 

4.5 Experiment Setup and Execution 

The vessels were loaded into the testing apparatus and all electrical and gas line connections made. 
The apparatus containing all reaction vessels was leak-tested prior to use. For testing, there was one 
apparatus for the non-rad testing located on the ground floor of the 318 Building, while the apparatus for 
the rad-exposure testing was located in the basement of the 318 Building. 

Prior to the start of the simulant and nitric acid experiments, the vapor pressure of the liquids was 
determined by connecting vessels with either simulant or nitric acid to the thermal system. The liquid was 
loaded into the vessels and the vessels refrigerated overnight prior to attaching to the system. After 
connecting the vessels to the system, they were purged and vented to atmospheric pressure with argon. 
The system was closed and the heater/controllers turned on starting at a 25 °C set-point. The temperature 
and pressure were allowed to equilibrate and then the set-point was increased at 10 °C increments to just 
above the anticipated testing temperature. When the vessels had reached maximum temperature, the 
heaters were turned off and the vessels were allowed to cool overnight with the data logger turned on. The 
cool-down temperature and pressure data were used to fit a curve to determine the vapor pressure function 
for the liquid. This function was used to correct the data for vapor pressure (see Section 4.7). 

The rad-exposure apparatus, once connected and leak-checked, was lowered into a lead-shielded 
bunker. The bunker was then capped and the Co-60 source transferred to the center of the bunker 
pneumatically and remotely. The transfer of the Co-60 source established time-zero (t0) for the rad 
testing, with the thermal testing having a similar start time. During the course of testing, temperatures and 
pressures were monitored daily during the work week, and gas samples were taken approximately once a 
week. A more detailed description of how samples were collected is included below. Gas analysis was 
conducted on the gas mass spectrometer by PNNL’s Analytical Support Operations (ASO) organization 
in the Radiochemical Processing Laboratory (RPL) building, primarily for hydrogen; however, other 
gases such as nitrogen, nitrous oxide, methane, and hydrocarbons were also analyzed. Analysis for 
formaldehyde was performed opportunistically as a For Information Only (FIO) analysis. After each gas 
sample, the test vessels were back-filled with argon and vented to atmospheric pressure through a 
bubbler. Based on preliminary results using the Hu model at the anticipated dose rate and conditions of 
the experiment, testing was expected to generate from 1×10-4 mole H2 per week for the target feed 
simulant to 7×10-4 mole of H2 per week for water, which established the sampling rate, as these 
anticipated levels of hydrogen are within the quantitation limits of the gas mass spectrometer.  

At the conclusion of the test, the Co-60 source was transferred out of the bunker pneumatically. At 
that time, it was safe to remove the bunker shielding plug, and the reaction vessel apparatus was removed 
for preparation for the next test. 

A formaldehyde test kit was used to determine the approximate level of formaldehyde in the liquid 
phase before beginning and at the conclusion of each test. These opportunistic data were not obtained in 
accordance with the formal controls defined by the project’s QA program and are therefore provided for 
information only.  
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At the end of each test, liquid samples were collected and held for total inorganic carbon (TIC)/TOC 
analyses. It should be noted that the TIC/TOC data were not used for any additional modeling. 

4.5.1 Gas Sampling 

A sampling event started with connecting 75 mL valved sampling bulbs to the gas sampling ports on 
the manifold. The bulb volumes were chosen to be larger than the system volume, and were almost 
double the combined volume of the vessel, gas lines, and manifold. The bulbs were previously evacuated 
by the mass spectrometry lab to below 1 × 10-6 Torr. After the bulbs were connected to the manifold, 
valve 5 (refer to Figure 4.1) was opened for each line, and the vacuum turned on. The manifold was 
evacuated for approximately one hour prior to starting sampling. Gas samples were collected by closing 
valve 5, opening valve 2 and the valve on the sample bulb, and allowing the system to come to 
equilibrium. Then valve 2 was closed, the sample bulb valve was closed, and the bulb was removed from 
the manifold. The process was repeated for each vessel. After sampling, the vessels were backfilled with 
argon and vented through a bubbler to atmospheric pressure. 

4.6 Gas Generation Test Conditions 

Table 4.3 summarizes the temperatures and liquids tested in each of the five tests. Further detail on 
each of the tests is outlined below. 

Table 4.3. Gas Generation Test Conditions Matrix 

Simulant and Simulant + sRF Resin 25 °C 45 °C 70 °C 
Laboratory-grade DI Water Test 1 Test 1 Test 4 
Nominal 5.6M Na Simulant (oxalate omitted) Test 2 Test 2 Test 5 
0.45M HNO3 Test 3 Test 3 Test 5 
Nominal 5.6M Na Simulant with 1% (w/w) TOC as HEDTA Not tested Not tested Test 4 

4.6.1 Test 1 – Water with and without Na-form Resin 

Test 1 was started on January 28, 2016, and ran until March 4, 2016, for an accumulated time of 
almost 859 hours on the rad system and 834 hours on the thermal system. The water-only vessels 
contained approximately 30 mL of 18 MΩ DI water. The resin/water vessels contained 30 mL of settled 
sodium-form (Na-form) resin with enough water to fill just to the top of the resin bed. The dry resin mass 
used was approximately 9.5 g. Refer to Table 4.4 and Table 4.5 for the experimental design. The exact 
mass of material added to each vessel is listed in Table 4.4 and Table 4.5. Each condition was tested at 
25 °C and 45 °C in duplicate both with and without radiation. The average gamma dose rate for the 
experiment was 353.7 kRad/hr, with a total delivered dose for the radiolytic test of 304 MRad.  

Four gas samplings took place over the course of the experiment, on February 8, 16, and 24, and 
March 4, 2016. The gas samples were delivered to the gas mass spectrometry laboratory in the PNNL 
RPL building for analysis. After the final gas sampling, the source was removed from the gamma bunker, 
and a fresh argon gas atmosphere was introduced to each vessel.  
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The vessels were removed from both systems on March 7, 2016, and were transferred to RPL for 
unloading and examination of the vessel contents. The vessels were unloaded on March 14, 2016. The 
resin was transferred to glass jars and put under fresh argon-purged DI water for storage. An aliquot of 
the liquid was tested for formaldehyde content using the EMD Millipore Formaldehyde Test Kit (part 
number 110036) and the remainder was transferred to vials for storage. 

Table 4.4. Test 1 Experimental Design – Rad System (shaded rows indicate duplicates) 

Vessel # System 1 (Rad System) - Gamma Experiments 
Mass Water  

(g) 
Dry Resin Mass 

(g) 
1-1 Water only, 25 °C, rep #1 29.81 -- 
1-2 Water + resin, 25 °C, rep #1 32.69 9.46 
1-3 Water only, 45 °C, rep #1 30.06 -- 
1-4 Water + resin, 45 °C, rep #1 26.90 9.52 
1-5 Water only, 25 °C, rep #2 30.29 -- 
1-6 Water + resin, 25 °C, rep #2 26.96 9.49 
1-7 Water only, 45 °C, rep #2 30.26 -- 
1-8 Water + resin, 45 °C, rep #2 26.31 9.46 

Table 4.5. Test 1 Experimental Design – Thermal System (shaded rows indicate duplicates) 

Vessel # System 2 (Thermal System) - Thermal-only Experiments 
Mass Water  

(g) 
Dry Resin Mass 

(g) 
2-1 Water only, 25 °C, rep #1 30.28 -- 
2-2 Water + resin, 25 °C, rep #1 30.39 9.46 
2-3 Water only, 45 °C, rep #1 31.65 -- 
2-4 Water + resin, 45 °C, rep #1 29.21 9.46 
2-5 Water only, 25 °C, rep #2 31.14 -- 
2-6 Water + resin, 25 °C, rep #2 33.72 9.55 
2-7 Water only, 45 °C, rep #2 30.44 -- 
2-8 Water + resin, 45 °C, rep #2 31.57 9.49 

4.6.2 Test 2 – 5.6M Na LAWPS-IST Simulant without Added TOC, with and 
without Na-Form Resin 

Test 2 tested the gas generation of the 5.6M Na LAWPS simulant (see Russell et al. 2017 for 
additional information) with and without resin. The simulant was prepared without the sodium oxalate, 
and the nominal composition is listed in Table 4.6. Test 2 was started on March 10, 2016, and ran until 
April 15, 2016, for a total of almost 860 hours on the rad system and almost 863 hours on the thermal 
system. The simulant-only vessels contained approximately 30 mL of 5.6M Na LAWPS simulant. The 
resin/simulant vessels contained 30 mL of settled sodium-form (Na-form) resin with enough simulant to 
fill just to the top of the resin bed. The dry resin mass used was approximately 9.4 g. Refer to Table 4.7 
and Table 4.8 for the experimental design. The exact mass of material added to each vessel is listed in 
Table 4.7 and Table 4.8. Each condition was tested at 25 °C and 45 °C in duplicate both with and without 
radiation. The average gamma dose rate for the experiment was 348 kRad/hr, with a total delivered dose 
for the radiolytic test of 300 MRad.  
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Table 4.6. Nominal Composition of the 5.6M Na LAWPS Simulant without Oxalate 

Dissolved Species 
Concentration  

(M) 
Al 1.66 × 10-1 
Cs 1.04 × 10-4 
Nitrate 1.78 × 100 
Nitrite 1.02 × 100 
Phosphate 4.32 × 10-2 
Sulfate 6.61 × 10-2 
Inorganic C 4.67 × 10-1 
Chloride 1.22 × 10-1 
Free Hydroxide 1.41 × 100 
Potassium 1.22 × 10-1 
Sodium 5.57 × 100 

Four gas samplings took place over the course of the experiment, on March 17 and 24 and April 5 and 
15, 2016. The gas samples were delivered to the gas mass spectrometry laboratory in the PNNL RPL 
building for analysis. After the final gas sampling, the source was removed from the gamma bunker, and a 
fresh argon gas atmosphere was introduced to each vessel.  

The vessels were removed from both systems on April 18, 2016, and were transferred to RPL for 
unloading and examination of the vessel contents. The vessels were unloaded on April 19, 2016. The 
resin was transferred to glass jars and put under fresh argon-purged DI water for storage. An aliquot of 
the liquid was tested for formaldehyde content using the EMD Millipore Formaldehyde Test Kit (part 
number 110036) and the remainder was transferred to vials for storage. 
 

Table 4.7. Test 2 Experimental Design – Rad System (shaded rows indicate duplicates) 

Vessel # System 1 (Rad System) - Gamma Experiments 
Mass Simulant  

(g) 
Dry Resin Mass 

(g) 
1-1 Simulant only, 25 °C, rep #1 37.53 -- 
1-2 Simulant + resin, 25 °C, rep #1 29.34 9.42 
1-3 Simulant only, 45 °C, rep #1 37.99 -- 
1-4 Simulant + resin, 45 °C, rep #1 31.42 9.42 
1-5 Simulant only, 25 °C, rep #2 37.94 -- 
1-6 Simulant + resin, 25 °C, rep #2 29.84 9.55 
1-7 Simulant only, 45 °C, rep #2 37.81 -- 
1-8 Simulant + resin, 45 °C, rep #2 28.71 9.45 
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Table 4.8. Test 2 Experimental Design – Thermal System (shaded rows indicate duplicates) 

Vessel # System 2 (Thermal System) - Thermal-only Experiments 
Mass 

Simulant (g) 
Dry Resin Mass 

(g) 
2-1 Simulant only, 25 °C, rep #1 37.85 -- 
2-2 Simulant + resin, 25 °C, rep #1 32.73 9.55 
2-3 Simulant only, 45 °C, rep #1 38.05 -- 
2-4 Simulant + resin, 45 °C, rep #1 30.74 9.45 
2-5 Simulant only, 25 °C, rep #2 38.05 -- 
2-6 Simulant + resin, 25 °C, rep #2 30.00 9.39 
2-7 Simulant only, 45 °C, rep #2 37.76 -- 
2-8 Simulant + resin, 45 °C, rep #2 29.43 9.39 

 

4.6.3 Test 3 – 0.45M HNO3 

Test 3 was started on May 2, 2016, and ran until June 8, 2016, for a total of 884 hours on the rad 
system and 882 hours on the thermal system. The liquid-only vessels contained approximately 30 mL of 
0.45M HNO3. The resin/liquid vessels contained 30 mL of settled hydrogen-form (H-form) resin with 
enough liquid to fill just to the top of the resin bed. The dry resin mass used was approximately 9.0 g. 
Refer to Table 4.9 and Table 4.10 for the experimental design. The exact mass of material added to each 
vessel is listed in Table 4.9 and Table 4.10. Each condition was tested at 25 °C and 45 °C in duplicate 
both with and without radiation. The average gamma dose rate for the experiment was 341.7 kRad/hr, 
with a total delivered dose for the radiolytic test of 302 MRad.  

Five gas samplings took place over the course of the experiment, on May 10, 18, and 25, and June 1 
and 8, 2016. The gas samples were delivered to the gas mass spectrometry laboratory in the PNNL RPL 
building for analysis. After the final gas sampling, the source was removed from the gamma bunker, and a 
fresh argon gas atmosphere was introduced to each vessel.  

The vessels were removed from both systems on June 8, 2016, and were transferred to RPL for 
unloading and examination of the vessel contents. The vessels were unloaded on June 14 and 15, 2016. 
The resin was transferred to glass jars and put under fresh argon-purged DI water for storage. An aliquot 
of the liquid was tested for formaldehyde content using the EMD Millipore Formaldehyde Test Kit (part 
number 110036) and the remainder was transferred to vials for storage. 
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Table 4.9. Test 3 Experimental Design – Rad System (shaded rows indicate duplicates) 

Vessel 
# System 1 (Rad System) - Gamma Experiments 

Mass HNO3  
(g) 

Dry Resin Mass  
(g) 

1-1 HNO3 only, 25 °C, rep #1 30.15 -- 
1-2 HNO3 + resin, 25 °C, rep #1 26.80 8.96 
1-3 HNO3 only, 45 °C, rep #1 30.17 -- 
1-4 HNO3 + resin, 45 °C, rep #1 26.68 8.96 
1-5 HNO3 only, 25 °C, rep #2 30.22 -- 
1-6 HNO3 + resin, 25 °C, rep #2 29.83 8.96 
1-7 HNO3 only, 45 °C, rep #2 30.11 -- 
1-8 HNO3 + resin, 45 °C, rep #2 28.55 8.96 

Table 4.10. Test 3 Experimental Design – Thermal System (shaded rows indicate duplicates) 

Vessel 
# System 2 (Thermal System) - Thermal-only Experiments 

Mass Water  
(g) 

Dry Resin Mass  
(g) 

2-1 HNO3 only, 25 °C, rep #1 30.07 -- 
2-2 HNO3 + resin, 25 °C, rep #1 27.40 8.96 
2-3 HNO3 only, 45 °C, rep #1 30.07 -- 
2-4 HNO3 + resin, 45 °C, rep #1 29.87 8.96 
2-5 HNO3only, 25 °C, rep #2 30.37 -- 
2-6 HNO3+ resin, 25 °C, rep #2 25.90 8.96 
2-7 HNO3 only, 45 °C, rep #2 30.10 -- 
2-8 HNO3+ resin, 45 °C, rep #2 26.98 8.96 

4.6.4 Test 4 – Water at 70 °C and Simulant with HEDTA at 70 °C 

Test 4 tested the gas generation of water and the 5.6M Na LAWPS simulant with 1% (w/w) TOC in 
the form of Na3-HEDTA at 70 °C with and without resin. The 1% (w/w) TOC was added to the simulant 
prepared for Test 2. The nominal composition is listed in Table 4.11. Test 4 was started on September 21, 
2016, and ran until October 31, 2016, for a total of 956 hours on the rad system and 957 hours on the 
thermal system. The simulant-only vessels contained approximately 30 mL of 5.6M Na LAWPS 
simulant. The resin/simulant vessels contained 30 mL of settled sodium-form (Na-form) resin with 
enough simulant to fill just to the top of the resin bed. The dry resin mass used was approximately 8.5 g. 
Refer to Table 4.12 and Table 4.13 for the experimental design. The exact mass of material added to each 
vessel is listed in Table 4.12 and Table 4.13. Each condition was tested at 70 °C in duplicate both with 
and without radiation. The average gamma dose rate for the experiment was 324.6 kRad/hr, with a total 
delivered dose for the radiolytic test of 310 MRad.  
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Table 4.11. Nominal Composition of the 5.6M Na LAWPS Simulant with 1% (w/w) TOC as Na3-
HEDTA 

Dissolved Species Concentration 
(M) 

Al 1.66 × 10-1 
Cs 1.04 × 10-4 
Nitrate 1.78 × 100 
Nitrite 1.02 × 100 
Phosphate 4.32 × 10-2 
Sulfate 6.61 × 10-2 
Inorganic C 4.67 × 10-1 
Organic C 1.04 × 100 

Chloride 1.22 × 10-1 
Free hydroxide 1.41 × 100 
Potassium 1.22 × 10-1 
Sodium 5.89 × 100 

Six gas samplings took place over the course of the experiment, on September 28 and October 5, 12, 
19, 25, and 31, 2016. The gas samples were delivered to the gas mass spectrometry laboratory in the 
PNNL RPL building for analysis. After the final gas sampling, the source was removed from the gamma 
bunker, and a fresh argon gas atmosphere was introduced to each vessel.  

The vessels were removed from both systems on October 31, 2016, and were transferred to RPL for 
unloading and examination of the vessel contents. The vessels were unloaded on November 8 and 9, 
2016. The resin was transferred to glass jars and put under fresh argon-purged DI water for storage. An 
aliquot of the liquid was tested for formaldehyde content using the EMD Millipore Formaldehyde Test 
Kit (part number 110036) and the remainder was transferred to vials for storage. 
 

Table 4.12. Test 4 Experimental Design – Rad System (shaded rows indicate duplicates) 

Vessel # System 1 (Rad System) - Gamma Experiments 
Mass Simulant  

(g) 
Dry Resin 
Mass (g) 

1-1 Water only, 70 °C, rep #1 29.88 -- 
1-2 Water + resin, 70 °C, rep #1 32.35 8.58 
1-3 Water only, 70 °C, rep #2 29.81 -- 
1-4 Water + resin, 70 °C, rep #2 30.25 8.58 
1-5 Simulant only, 70 °C, rep #1 37.99 -- 
1-6 Simulant + resin, 70 °C, rep #1 34.37 8.58 
1-7 Simulant only, 70 °C, rep #2 37.73 -- 
1-8 Simulant + resin, 70 °C, rep #2 30.98 8.58 
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Table 4.13. Test 4 Experimental Design – Thermal System (shaded rows indicate duplicates) 

Vessel # System 2 (Thermal System) - Thermal-only Experiments 
Mass Simulant 

(g) 
Dry Resin 
Mass (g) 

2-1 Water only, 70 °C, rep #1 30.07 -- 
2-2 Water + resin, 70 °C, rep #1 31.77 8.58 
2-3 Simulant only, 70 °C, rep #1 38.02 -- 
2-4 Simulant + resin, 70 °C, rep #1 30.65 8.58 
2-5 Water only, 70 °C, rep #2 30.16 -- 
2-6 Water + resin, 70 °C, rep #2 34.32 8.58 
2-7 Simulant only, 70 °C, rep #2 38.10 -- 
2-8 Simulant + resin, 70 °C, rep #2 30.47 8.58 

4.6.5 Test 5 – HNO3 at 70 °C and 5.6M Na Simulant at 70 °C 

Test 5 tested the gas generation of 0.45M HNO3 and the 5.6M Na LAWPS simulant at 70 °C with and 
without resin. The nominal simulant composition is listed in Table 4.6. Test 5 was started on 
November 10, 2016, and ran until December 20, 2016, for a total of almost 960 hours on the rad system 
and 960 hours on the thermal system. The HNO3 and simulant-only vessels contained approximately 
30 mL of liquid. The resin/HNO3 vessels contained 30 mL of settled hydrogen-form (H-form) resin with 
enough HNO3 to fill just to the top of the resin bed. The resin/simulant vessels contained 30 mL of settled 
sodium-form (Na-form) resin with enough simulant to fill just to the top of the resin bed. The dry resin 
mass used was approximately 8.6 g. Refer to Table 4.14 and Table 4.15 for the experimental design. The 
exact mass of material added to each vessel is listed in Table 4.14 and Table 4.15. Each condition was 
tested at 70 °C in duplicate both with and without radiation. The average gamma dose rate for the 
experiment was 318.7 kRad/hr, with a total delivered dose for the radiolytic test of 306 MRad.  

Five full-system gas samplings took place over the course of the experiment, on November 18 and 26 
and December 4, 12, and 20, 2016. Due to potential generation of self-flammable gases, the HNO3/resin 
vessels were sampled more frequently, with additional samples collected on November 12 (both rad and 
thermal systems), 14 (both systems), 16 (rad system only), 20 (rad system only), 22 (rad system only), 24 
(rad system only), and 30, 2016 (rad system only). The gas samples were delivered to the gas mass 
spectrometry laboratory in the PNNL RPL building for analysis. After the final gas sampling, the source 
was removed from the gamma bunker, and a fresh argon gas atmosphere was introduced to each vessel.  

The vessels were removed from both systems on December 20, 2016, and were transferred to RPL for 
unloading and examination of the vessel contents. The vessels were unloaded on December 20 and 21, 
2016. The resin was transferred to glass jars and put under fresh argon-purged DI water for storage. An 
aliquot of the liquid was tested for formaldehyde content using the EMD Millipore Formaldehyde Test 
Kit (part number 110036) and the remainder was transferred to vials for storage. 
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Table 4.14. Test 5 Experimental Design – Rad System (shaded rows indicate duplicates) 

Vessel # System 1 (Rad System) - Gamma Experiments 
Mass Simulant 

(g) 
Dry Resin Mass  

(g) 
1-1 HNO3 only, 70 °C, rep #1 30.33 -- 
1-2 HNO3 + resin, 70 °C, rep #1 26.57 8.89 
1-3 Simulant only, 70 °C, rep #1 37.43 -- 
1-4 Simulant + resin, 70 °C, rep #1 34.51 8.69 
1-5 HNO3 only, 70 °C, rep #2 30.31 -- 
1-6 HNO3 + resin, 70 °C, rep #2 26.34 8.89 
1-7 Simulant only, 70 °C, rep #2 38.03 -- 
1-8 Simulant + resin, 70 °C, rep #2 32.42 8.69 

Table 4.15. Test 5 Experimental Design – Thermal System (shaded rows indicate duplicates) 

Vessel # System 2 (Thermal System) - Thermal-only Experiments 
Mass Simulant  

(g) 
Dry Resin Mass 

(g) 
2-1 HNO3 only, 70 °C, rep #1 30.11 -- 
2-2 HNO3 + resin, 70 °C, rep #1 26.82 8.89 
2-3 Simulant only, 70 °C, rep #1 37.55 -- 
2-4 Simulant + resin, 70 °C, rep #1 34.83 8.69 
2-5 HNO3 only, 70 °C, rep #2 30.32 -- 
2-6 HNO3 + resin, 70 °C, rep #2 26.40 8.89 
2-7 Simulant only, 70 °C, rep #2 37.40 -- 
2-8 Simulant + resin, 70 °C, rep #2 32.34 8.69 

4.7 Data Analysis 

Following the analysis approach set forth in previous work by Bryan et al. (1996), the temperatures, 
pressure, and gas analysis data were analyzed to determine the gas generation rates of the simulants with 
and without sRF resin. Briefly, the ideal gas law is used to determine the moles of gas present in each 
system, based on the known system volume and temperature and pressure measurements. The moles 
calculation is broken up into different portions of the system with the temperature measurements of each 
portion where the portions are: 1. the manifold to the pressure transducer, 2. the pressure transducer to the 
top of the vessel, and 3. the vessel headspace. In general, the vessel headspace volume is approximately 
90% of the total system volume. In order to accurately determine the number of moles of dry gas 
generated, the vapor pressure of the liquids was determined and subtracted from the pressure 
measurement prior to the moles calculation. Gas mass spectrometry was used to determine the 
composition (mole %) of hydrogen as well as other gases generated. Combining the total moles 
measurement with the mole % composition, the moles of hydrogen and other gases were determined. 
With the known dose rate applied to the system, the hydrogen generation rate (moles H2 per kg of liquid 
per day) was determined. The precision of measurement was determined by comparison of experimental 
duplicates.  

The G-value of hydrogen generated within the experiment can be calculated by the following 
equation, from the moles of hydrogen formed and the calculated absorbed dose. The assumption was 
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made that gas generation is overwhelmingly within the liquid phase, and therefore the absorbed dose used 
for purposes of G-value calculation is the dose absorbed by the liquid phase alone. G-values for other gas 
components can also be determined in a similar way.  
 

𝐺𝐺(𝐻𝐻2) =
𝑛𝑛𝑛𝑛. 𝑜𝑜𝑜𝑜 𝐻𝐻2 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

100 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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5.0 Gas Generation Testing  
Experimental Design and Results 

A total of five gas generation tests were conducted. In the first three tests, a single liquid was tested 
with and without resin at 25 °C and 45 °C in duplicate, with and without radiation, for a total of 16 
vessels tested. A design change to the Low-Activity Waste Pretreatment System necessitated testing of 
the three liquids at 70 °C, leading to the conditions tested in the fourth and fifth tests. Because space 
allowed, a fourth liquid was also tested at 70 °C: the nominal feed simulant with the addition of 1% (w/w) 
TOC in the form of Na3-HEDTA. Prior to initiation of testing at 70 °C, system modifications were made 
in the form of the installation of pressure relief valves. All five tests delivered 300 MRad (± 10%) of 
gamma radiation to the System 1 vessels. The System 2 tests were conducted for approximately the same 
periods of time as the corresponding System 1 tests. The test results are summarized below.  

Gas composition measurements based on mass spectral results for each gas sampling event are given 
in Appendix A. Based on these measurements, the total moles of hydrogen at each gas sampling event 
were calculated using system volume, temperature, pressure, and vapor pressure. Hydrogen gas 
generation from sRF resin in contact with water is described in Section 5.1; in contact with 5.6M Na 
nominal feed simulant is described in Section 5.2; and in contact with 0.45M HNO3 is discussed in 
Section 5.3. 

5.1 Water Results 

Hydrogen gas generation from sRF resin in contact with water at various temperatures is shown in 
Figure 5.1 and Figure 5.2 for the “thermal + irradiation” and “thermal only” experiments, respectively. By 
subtracting the “thermal only” from the “thermal + irradiation” data, it is possible to differentiate the 
effect of added gamma dose on the gas generation within this system. The amount of gas produced based 
on gamma radiolysis is then used to estimate the G-value for hydrogen generated, as described in 
Section 4.0. Note that the thermal-only experiment is shown on the same scale as the irradiated 
experiment; the hydrogen generation was zero or near zero in all cases. 

Table 5.1 and Figure 5.3 shows the G(H2)-value for the water + resin experiments conducted in 
Test 1. Table 5.1 shows the cumulative G(H2)-values over time for the test while Figure 5.3 shows the 
average G(H2)-values for the experiment. The water-only G(H2)-values were much lower, in the range of 
less than 0.04 at 25 °C and less than 0.004 at 45 °C, while the water + resin experiment returned G(H2)-
values less than the expected value for water-only from the Hu model (0.45). The water + resin G(H2)-
values seem to decrease with increasing temperature, but when examining the average G(H2)-values, the 
averages are all within the error bars (one standard deviation) of one another, so the observed trend is not 
statistically significant.   

The prompt radiolytic hydrogen generation describes the initial production of molecular hydrogen in 
an open system under radiolytic conditions. Most experiments to determine the prompt hydrogen value of 
water or other aqueous species add a reductant such as bromide to preserve the molecular hydrogen from 
attack by hydroxyl radicals. The water-only values do not match the prompt hydrogen value of 0.45 likely 
because the experiment was performed in a closed system with laboratory grade deionized water in the 
absence of reductant species. The values obtained were found to reasonably match literature values for a 
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pure water experiment in a closed system (Pastina and Laverne 2001) as well as the rate constant 
information in the literature (Buxton et al. 1988). 

Table 5.1. Water Testing Average Cumulative G(H2) Values 

25 °C 25 °C w/ resin 45 °C 45 °C w/ resin 70 °C 70 °C w/ resin 
Run 
Time 
(hr) 

G(H2) 
Run 
Time 
(hr) 

G(H2) 
Run 
Time 
(hr) 

G(H2) 
Run 
Time 
(hr) 

G(H2) 
Run 
Time 
(hr) 

G(H2) 
Run 
Time 
(hr) 

G(H2) 

259.00 0.0034 259.00 0.2780 259.00 0.0043 259.00 0.3394 165.08 0.008 165.08 0.282 
450.42 0.0194 450.42 0.3769 450.42 0.0025 450.42 0.2951 333.25 0.028 333.25 0.297 
642.42 0.0314 642.42 0.3914 642.42 0.0025 642.42 0.3751 500.75 0.046 500.75 0.302 
858.50 0.0226 858.50 0.4258 858.50 0.0018 858.50 0.3598 668.83 0.065 668.83 0.301 

        813.17 0.079 813.17 0.308 
        956.25 0.088 956.25 0.314 
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Figure 5.1. Radiolytic hydrogen gas generation from sRF resin in contact with water at various temperatures. The data are shown as cumulative 

moles H2 produced per kg of water vs. run time. 
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Figure 5.2. Thermal hydrogen gas generation from sRF resin in contact with water at various temperatures. The data are shown as cumulative 

moles H2 produced per kg of water vs. run time. 
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Figure 5.3. G-value measurements for radiolytic hydrogen production (G(H2)-values) for the water + resin experiments conducted at various 

temperatures. 
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5.2 5.6M Na Nominal Feed Simulant Results 

Figure 5.4 shows the hydrogen gas generation from 5.6M Na nominal feed simulant at various 
temperatures with and without resin for the “thermal + irradiation” treatment. In this figure, it can be seen 
that the hydrogen generation with resin is consistently higher for all temperatures than the simulant 
without resin present. For comparison purposes, also shown in Figure 5.4 is the hydrogen generation 
measured for the water system in contact with sRF resin; the hydrogen generation from the 5.6M Na 
nominal feed simulant is significantly smaller than for the water system with sRF resin. Figure 5.5 shows 
the hydrogen gas generation from 5.6M Na nominal feed simulant at various temperatures with and 
without resin for the “thermal only” treatment. By subtracting the “thermal only” from the “thermal + 
irradiation” data, it is possible to differentiate the effect of added gamma dose on the gas generation 
within this system. The amount of gas produced based on gamma radiolysis is then used to estimate the 
G-value for hydrogen generated, as described in Section 4.0. 

Table 5.2 and Figure 5.6 show the G(H2)-values for the 5.6M Na nominal feed simulant and the 
simulant with resin experiments. Table 5.2 shows the cumulative G(H2)-values for the test over time 
while Figure 5.6 shows the average G(H2)-value for the experiment. The simulant-only G(H2)-values 
were approximately 0.05 for the 25 °C, 45 °C, and 70 °C conditions, which is slightly above the predicted 
G(H2)-value of 0.039 based on the Hu model. The simulant + resin experiment G(H2)-values range 
between 0.08 and 0.12, with no apparent temperature dependence for the range of measurement (25 °C to 
70 °C). Note that over time the incremental observed G(H2) values increase and exceed the Hu model 
value. This is likely due to oxidative degradation of the resin and further scavenging of hydroxyl radicals 
by the resin to produce hydrogen. 

Two experiments were conducted to test the effect of added TOC to the 5.6M Na nominal feed 
simulant at 70 °C. The first test included added TOC without sRF resin, the second condition tested added 
TOC with added sRF resin. As can be seen in Figure 5.6, the experimental condition with TOC and with 
sRF resin (G(H2) range 0.11 to 0.14) was significantly higher than the condition of added TOC without 
sRF resin (G(H2) range 0.07 to 0.08). The Hu model G(H2) prediction for the 5.6M Na nominal feed 
simulant with added TOC (without sRF resin) is 0.15. It is evident that the addition of sRF resin has a 
significantly greater effect on increasing the G(H2) value than the addition of TOC only.  
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Table 5.2. Simulant Testing Average Cumulative G(H2) Values 

25 °C 25 °C w/ resin 45 °C 45 °C w/ resin 70 °C 70 °C w/ resin 70 °C TOC 
70 °C TOC w/ 

Resin 
Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time  
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

161.50 0.03651 161.50 0.02269 161.50 0.04086 161.50 0.01948 193.33 0.0490 193.33 0.1039 165.08 0.072 165.08 0.113 
330.42 0.04454 330.42 0.08130 330.42 0.04834 330.42 0.12845 385.67 0.0489 385.67 0.1032 333.25 0.075 333.25 0.118 
617.83 0.04504 617.83 0.12052 617.83 0.04832 617.83 0.10003 579.33 0.0493 579.33 0.1037 500.75 0.076 500.75 0.128 
859.75 0.04200 859.75 0.11423 859.75 0.04651 859.75 0.10947 768.50 0.0487 768.50 0.1041 668.83 0.075 668.83 0.131 

        959.42 0.0485 959.42 0.1049 813.17 0.074 813.17 0.134 
            956.25 0.073 956.25 0.137 
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Figure 5.4. Radiolytic hydrogen gas generation from 5.6M Na nominal feed simulant at various temperatures with and without resin. The data are 
shown as cumulative moles H2 produced per kg of simulant vs. run time.  
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Figure 5.5. Thermal hydrogen gas generation from 5.6M Na nominal feed simulant at various temperatures with and without resin. The data are 

shown as cumulative moles H2 produced per kg of simulant vs. run time. 
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Figure 5.6. G-value measurements for radiolytic hydrogen production (G(H2)-values) for the 5.6M Na nominal feed simulant + resin experiments 

conducted at various temperatures. 
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5.3 0.45M HNO3 Results 

Figure 5.7 shows hydrogen gas generation from 0.45M HNO3 at various temperatures with and 
without resin for the “thermal + irradiation” treatment. In this figure, it can be seen that the hydrogen 
generation with resin (filled circles) is consistently higher for all temperatures than the nitric acid without 
resin present (open circles). For comparison purposes, also shown in Figure 5.7 is the hydrogen 
generation measured for the water system in contact with sRF resin; the hydrogen generation from the 
0.45M HNO3 (with or without sRF resin) is significantly smaller than for the water system with sRF 
resin. Figure 5.8 shows the hydrogen gas generation from 0.45M HNO3 at various temperatures with and 
without resin for the “thermal only” treatment. The gas generation for the “thermal only” treatment was 
observed to be zero for all temperatures and time-points as compared to the gas generation from the 
“thermal + irradiation” treatment. By subtracting the “thermal only” from the “thermal + irradiation” data, 
it is possible to differentiate the effect of added gamma dose on the gas generation within this system. The 
amount of gas produced based on gamma radiolysis is then used to estimate the G-value for hydrogen 
generated, as described in Section 4.0. 

Table 5.3 and Figure 5.9 show the G(H2)-values for the 0.45M HNO3 with and without resin 
experiments for measurements under various temperatures. Table 5.3 shows the cumulative G(H2)-values 
for the test over time while Figure 5.9 shows the average G(H2)-value for the experiment. The nitric acid-
only G(H2)-values ranged between approximately 0.075 and 0.10 for the 25 °C, 45 °C, and 70 °C 
conditions which is less than the literature values as reported by Mahlman (Mahlman 1961). As with the 
water, there is a discrepancy between the observed nitric acid G-values and the literature values, which is 
also due to the fact that the experiment was conducted in a closed vessel system without the addition of an 
impurity to prevent the recombination of molecular hydrogen with hydroxyl radicals, similar to the case 
with the water observations. The 0.45M HNO3 + resin experiment G(H2)-values range between 0.08 and 
0.19, with the 25 °C measurement having the smallest G(H2)-values and 45 °C having the largest. With 
experimental scatter between replicates, there was no apparent temperature dependence for the range of 
measurement (25 °C to 70 °C).  

Self-heating behavior was observed when testing the nitric acid with resin at elevated temperatures 
(45 °C and 70 °C). This behavior was observed in both the irradiated and thermal-only experiments. Once 
the vessels were heated to temperature using the heater-controllers, the vessels appeared to continue 
heating, necessitating intervention on the part of the analyst to maintain vessel temperature.  
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Table 5.3. 0.45M HNO3 Testing, Average Cumulative G(H2) Values 

25 °C 25 °C w/ resin 45 °C 45 °C w/ resin 70 °C 70 °C w/ resin 
Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

Run 
Time 
(hr) G(H2) 

188.00 0.0822 188.00 0.0973 188.00 0.0791 188.00 0.0916 193.33 0.0761 50.83 0.1170 
383.58 0.0906 383.58 0.0765 383.58 0.0845 383.58 0.1073 385.67 0.0814 97.25 0.1116 
548.08 0.0927 548.08 0.0875 548.08 0.0864 548.08 0.1285 579.33 0.0827 144.00 0.1215 
718.92 0.0939 718.92 0.1072 718.92 0.0885 718.92 0.1633 768.50 0.0831 193.33 0.1206 
884.25 0.0969 884.25 0.1286 884.25 0.0904 884.25 0.1859 959.42 0.0832 241.92 0.1208 

          288.17 0.1215 
          337.00 0.1271 
          385.67 0.1319 
          480.58 0.1351 
          579.33 0.1359 
          768.50 0.1387 
          959.42 0.1394 
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Figure 5.7. Radiolytic hydrogen gas generation from sRF resin in contact with 0.45M HNO3 various temperatures. The data are shown as 

cumulative moles H2 produced per kg of 0.45M HNO3 vs. run time. 
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Figure 5.8. Thermal hydrogen gas generation from sRF resin in contact with 0.45M HNO3 at various temperatures. The data are shown as 

cumulative moles H2 produced per kg of 0.45M HNO3 vs. run time. 
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Figure 5.9. G-value measurements for radiolytic hydrogen production (G(H2)-values) for the 0.45M HNO3 + resin experiments conducted at 

various temperatures. 
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5.4 Summary 

Table 5.1, Table 5.2, and Table 5.3 summarize the G(H2)-value results of the hydrogen gas generation 
rate measurements taken with solution composition of 5.6M Na nominal feed simulant, 0.45M HNO3, and 
water, with and without contact with sRF resin, at various temperatures. Using these G(H2)-values, the 
hydrogen generation rates were calculated for a temperature of 45 °C and 43 kRad/hr dose rate (the 
expected bounding condition during LAWPS use). These calculated hydrogen generation rate values are 
listed in Table 5.4 and displayed in Figure 5.10 and compared with the Hu model calculation for solution 
compositions similar to those used in actual solution measurements.  

The Hu model predictions are also shown as the black line in Figure 5.10. The Hu model predictions 
are plotted as a 1:1 parity plot for the conditions of 5.6M Na nominal feed simulant, 0.45M HNO3, and 
water for the temperature and dose rate expected as a bounding condition during LAWPS use, i.e., 45 °C 
and 42.6 kRad/hr, respectively. Also shown on this plot is the Hu model 1:1.4 line, which represents the 
assumed “bounding” case for estimating the “worst case” hydrogen gas generation. The black dotted line 
across the top of the plot is the intersection of the Hu model 1:1.4 line at the value calculated for water. 
Under the conditions 45 °C and 42.6 kRad/hr, this value is 6.8 × 10-4 mol/kg/day for hydrogen 
production, and is considered the “bounding” value. 

In all cases, the measured hydrogen production rate is lower than the Hu model “bounding” value 
(6.8 × 10-4 mol/kg/day) for all solution compositions, with and without sRF resin, and with and without 
added TOC, at various temperatures studied. Except for the 5.6M Na nominal feed simulant with sRF 
resin, all generation rate measurements are lower than the Hu model 1:1.4 line. 
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Table 5.4. Summary of Hydrogen Generation Rates Calculated for a Temperature of 45 °C and 
43 kRad/hr Dose Rate (the expected bounding condition during LAWPS use), Using 
G(H2)-Values Given in Table 5.1, Table 5.2, and Table 5.3. 

Observed Condition 

Measured G(H2)-Value 
(molecules H2/100 eV 

absorbed dose) 

Modeled Hydrogen 
Generation Rate at 45 °C, 43 

kRad/hour (moles H2/kg 
liquid/day) 

Water, 25 °C 0.0226 2.40E-05 
Water, 45 °C 0.0018 1.91E-06 
Water, 70 °C 0.0880 9.33E-05 
Water + Resin, 25 °C 0.4258 4.52E-04 
Water + Resin, 45 °C 0.3598 3.82E-04 
Water + Resin, 70 °C 0.3140 3.33E-04 
Simulant, 25 °C 0.0420 4.45E-05 
Simulant, 45 °C 0.0465 4.93E-05 
Simulant 70 °C 0.0485 5.14E-05 
Simulant + Resin, 25 °C 0.1142 1.21E-04 
Simulant + Resin, 45 °C 0.1095 1.16E-04 
Simulant + Resin, 70 °C 0.1049 1.11E-04 
Simulant with TOC, 70 °C 0.0730 7.74E-05 
Simulant with TOC + Resin, 70 °C 0.1370 1.45E-04 
HNO3, 25 °C 0.0969 1.03E-04 
HNO3, 45 °C 0.0904 9.59E-05 
HNO3, 70 °C 0.0832 8.82E-05 
HNO3 + Resin, 25 °C 0.1286 1.36E-04 
HNO3 + Resin, 45 °C 0.1859 1.97E-04 
HNO3 + Resin, 70 °C 0.1394 1.48E-04 
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Figure 5.10. Comparison of actual results to Hu modeled results. The 1:1 model line is shown in black, the 1:1.4 model line is shown in orange. 

Experimental results with resin are shown in the symbols where blue is 25 °C, green is 45 °C, and red is 70 °C. Open symbols are 
liquid only, filled symbols are liquid plus resin. Water results are shown in the circles, HNO3 results are shown in triangles, simulant 
without TOC in squares, and simulant with TOC in diamonds. 
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6.0 Post-Irradiation Examination of Resin and Liquids 

As described in Section 4.0, the resin and liquids were examined and retained after testing. The resin 
and liquids were visually examined and the resin-contacted liquids were tested for the presence of 
formaldehyde. A subset of the liquids was submitted for TIC/TOC analysis. An additional study was 
conducted to see if gas generation of resin could be visualized under dose. 

6.1 Visual Examination of Resin and Test Liquids 

6.1.1 Test 1 – Water 

Following the final sampling and shutdown of the test, the vessels were removed from both systems 
and their contents emptied and examined. Vessel 1-2 from the radiolytic system had resin adhering to the 
walls of the vessel almost all the way to the top, as shown in Figure 6.1. This was the only vessel in which 
this was observed in Test 1. The resin from the radiolytic system for this experiment was darker in color 
than the resin from the thermal system, as shown in Figure 6.2. In addition, the liquids appeared to take 
on color, with the liquid from the radiolytic system having a slight pink color (Figure 6.3) while the liquid 
from the thermal system had a slight orange color (Figure 6.4). 

 
Figure 6.1. Test 1, Vessel 1-2 resin appeared to “climb” up and adhere to the vessel walls. 
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Figure 6.2. Color difference of resin from the rad system (left) and thermal system (right). 

 
Figure 6.3. Pink-tinged liquid from Test 1 rad system water/resin after irradiation. 
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Figure 6.4. Orange-tinged liquid from Test 1, thermal system water/resin. 

6.1.2 Test 2 – Simulant 

Following the final sampling and shutdown of the test, the vessels were removed from both systems 
and their contents emptied and examined. The resin from the radiolytic system for this experiment was 
darker in color than the resin from the thermal system, as shown in Figure 6.5. Figure 6.5 also shows the 
bright yellow color of the fresh DI water that was added to the resin. Fresh DI water was added to the 
resin to retain it under liquid while the test liquid was retained separately for analysis. The liquids from 
the radiolytic system were bright orange-yellow, as shown in Figure 6.6. 

 
Figure 6.5. Test 2, resin color difference post-test: rad system (left), thermal system (right). 
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Figure 6.6. Radiolytic system Vessel 1-4 resin and liquid post-irradiation. 

6.1.3 Test 3 – 0.45M HNO3 

Figure 6.7 shows a side-by-side comparison of the hydrogen form (H-form) resin used in the nitric 
acid testing at 25 °C. Notice that the rad system resin appears to be much darker than the thermal system 
resin. The resin in the 45 °C rad system vessels appears to climb the vessel walls; see Figure 6.8. The 
resin upon removal had visible clumps that required mechanical removal; see Figure 6.9. When re-
suspended in fresh DI water, the clumps fell apart. Resin clumping may have potential implications for 
resin removal from the columns. 
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Figure 6.7. Comparison of Test 3 resin and liquids from the thermal system (left) and rad  

system (right). 

 
Figure 6.8. Test 3 rad system Vessel 1-8 post-test. Example of resin climbing the walls. 
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Figure 6.9. Rad system Vessel 1-8 post-test. Example of clumped resin. 

6.1.4 Test 4 – Water, Simulant with TOC, 70 °C 

Figure 6.10 shows the post-test rad system water with resin, which was very similar to the post-test 
thermal system water with resin shown in Figure 6.11. No resin clumping was observed; however, both 
systems had very dark resin after testing. Figure 6.12 shows the thermal system simulant and resin. Note 
the greater discoloration than the water alone. The pre-test simulant was nearly colorless. The coloration 
of the liquid is assumed to be from the resin at the elevated temperature. Figure 6.13 shows the resin and 
simulant from the rad system after irradiation. There is a deep discoloration from the combination of the 
simulant, temperature, and resin when exposed to gamma dose. Figure 6.14 shows the change in simulant 
coloration after irradiation without resin exposure. 
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Figure 6.10. Test 4 rad system post-test water with resin. 

 
Figure 6.11. Test 4 thermal system post-test resin with water. 
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Figure 6.12. Test 4 thermal system post-test resin and simulant with HEDTA. 

 
Figure 6.13. Test 4 rad system simulant with HEDTA and resin post-test. 
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Figure 6.14. Test 4 rad system simulant with HEDTA (no resin) after irradiation. 
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6.1.5 Test 5 – 0.45M HNO3, Simulant, 70 °C 

Figure 6.15 and Figure 6.16 show the post-test nitric acid and the resin exposed to nitric acid. 
Figure 6.15 shows the materials removed from the thermal system and Figure 6.16 shows the materials 
from the rad system. Note that the thermal vessel nitric acid appears to be blue; this was not observed in 
the rad system liquid. Figure 6.17 and Figure 6.18 show the post-test simulant and the resin exposed to 
simulant. Figure 6.17 shows the materials removed from the thermal system and Figure 6.18 shows the 
materials from the rad system. 

 
Figure 6.15. Nitric acid after exposure to the thermal vessel at 70 °C (left). Resin after exposure to nitric 

acid at 70 °C. 

 
Figure 6.16. Test 5 rad system nitric acid post-test acid only and resin. 
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Figure 6.17. Test 5 post-test thermal system simulant and resin. 

 
Figure 6.18. Test 5 post-test rad system simulant and resin. 

6.2 Formaldehyde Analysis 

All of the liquids that were in contact with resin were tested for formaldehyde content using the EMD 
Millipore Formaldehyde Test Kit (part number 110036) as an FIO analysis. No formaldehyde was 
observed above the detection limit of the kit in any of the resin-contacted liquids from the gas generation 
testing. Additionally, the mass spectrometry laboratory was used to look for the presence of formaldehyde 
as an opportunistic FIO analysis in the gas samples. No formaldehyde was observed in the gas samples. 
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6.3 Total Organic Carbon Analysis 

6.3.1 Total Organic Carbon Results 

Samples of the liquids from the thermal and rad systems were submitted to ASO for TOC analysis. 
The analysis provided both a total inorganic carbon (TIC) in addition to a TOC analysis. Samples of 
liquid not contacted with resin were also submitted as control samples. The samples were analyzed by 
ASO in two batches with the water samples analyzed before the acid and caustic simulant samples. The 
TOC analysis data are provided in Appendix B of this report.  

In general, the samples in contact with resin contained greater amounts of TIC and TOC than the 
liquid alone. The samples exposed to radiation showed a greater amount of TIC than TOC while the 
opposite was the case in the thermal samples.  

The liquids without resin contained both TIC and TOC. All of the reported analytical results were 
blank-subtracted with the measurement blank result. The deionized water source used for reagent 
preparation was analyzed and was found to contain carbon, accounting for roughly half of the carbon in 
the liquids. Other possible sources of carbon in those liquids could be residual organic material on the gas 
generation test vessels or the vials used for storage of the liquids after testing. 

6.3.2 Carbon Species Analysis by LC-MS 

The water samples contacted with resin as well as a couple of the water-only liquids were analyzed by 
electrospray liquid chromatography-mass spectrometry (LC-MS) to get a feel for the types of organic 
carbon species that may be present in the liquid after contact with resin. In general, the same trend was 
observed, with more species observed in the thermal system samples than the rad system. In the thermal 
system samples, several peaks that resembled a polymer chain were observed; however, the unit mass was 
not an obvious monomer of the sRF polymer and it remains unidentified. 

6.4 Video of Resin Irradiation 

A 36-mm-diameter by 55-mm-high column of sodium form resin with a 60-mm-high water headspace 
above the resin was prepared. The resin was exposed to 41 kRad/hr of Co-60 gamma irradiation in the 
PNNL HEF while a video feed was collected. The total irradiation period was 2 hours, and no signs of gas 
generation were observed and the video collection was aborted. 
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7.0 Gas Generation Results Self-Flammability Evaluation 

As discussed by Mahoney (2015), some tank wastes generate gases that are self-flammable—i.e., they 
contain proportions of fuel (primarily hydrogen, H2), oxidant (nitrous oxide, N2O), and inertant (nitrogen, 
N2) that could allow the generated gas to be ignited even in the absence of air. Because of this possibility, 
and the possible safety significance of self-flammable gases in the LAWPS resin beds, the gases 
generated during the tests reported in this document were evaluated for self-flammability. 

The basis of calculations was the same set of raw composition data used in determining the hydrogen 
generation rates. The compositions from pairs of replicates were averaged. The next step of analysis was 
to account for the effects of two non-generated gases that were present in test gas samples: argon (Ar) 
purge gas and air that leaked into the test vessels in quantities that most often were insignificant but 
sometimes were substantial. The Ar was completely removed from the composition and N2 and O2 were 
removed in the proportions found in air (approximately 0.79 moles N2 to 0.21 moles O2). 

If it was assumed that all the nitrogen measured in the sample gas came from air (N2 tracer for air), 
the generated-gas composition was calculated to be 
 

[N2]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = [Ar]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 0 
 

[O2]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
[O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − (21 79⁄ )[N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 − [N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − (21 79⁄ )[N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [Ar] 

 

[X]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
[X]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 − [N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − (21 79⁄ )[N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [Ar] 

 
 
where X is any gas other than N2, O2, or Ar, and the concentrations in brackets are mole fractions of 
generated or measured gas.  

If it was assumed that all the oxygen measured in the sample gas came from air (O2 tracer for air), the 
generated-gas composition was calculated to be 
    

[O2]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = [Ar]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 0 
 

[N2]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
[N2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − (79 21⁄ )[O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 − (79 21⁄ )[O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [Ar] 

 

[X]𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
[X]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1 − (79 21⁄ )[O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [O2]𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − [Ar] 

 

The choice between O2 or N2 tracer was made according to the criterion of giving physically 
reasonable compositions: no mole fractions that were negative or exceeded unity. In many cases, the two 
tracers were nearly equivalent. 
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It is recognized that using O2 and N2 as air tracers creates some ambiguity, since both of these gases 
can be involved in the reactions that generate gas. Oxygen can be the limiting gas (O2 tracer), either 
because of N2 generation or because of air in-leakage followed by O2 consumption. Similarly, nitrogen 
can be the limiting gas (N2 tracer), either because of O2 generation or because of air in-leakage followed 
by N2 consumption (although this last possibility is chemically unlikely). 

Figure 7.1, Figure 7.2, Figure 7.3, Figure 7.4, and Figure 7.5 (located at the end of this section) show 
the calculated generated-gas compositions for Tests 1, 2, 3, 4, and 5, respectively. The plots are of the 
same type used by Mahoney (2015). The y-axis is mole percent fuel; only hydrogen is considered as fuel, 
since methane and other hydrocarbons were present only in trace quantities. The x-axis is mole percent 
total inertant: the sum of N2, carbon dioxide (CO2), and, in one set of samples, nitric oxide (NO). 
Flammable conditions exist only in the roughly triangular region between the upper sloping part of the 
curve (the upper flammability limit [UFL]) and the lower, nearly horizontal part (the lower flammability 
limit [LFL]). Above the envelope, there is too little oxidant to allow combustion; below the envelope, 
there is too little fuel. 

Note three assumptions in these calculations. First, the literature data that supplied the flammability 
envelope used only N2 as an inertant. It is assumed that the other gases that do not participate in 
H2/oxidant combustion have the same inerting effect as N2. This is an approximation. Second, N2O and 
O2 are treated as equivalent oxidants, which is a close approximation for hydrogen combustion. Third, the 
data are on a dry basis; the separate inerting effect of water vapor is not included. Mahoney (2015) 
provides further discussion of some of these assumptions. 

The self-flammability of generated gases will be discussed on a simulant-by-simulant basis rather 
than a test-by-test basis, since some simulants were tested at one temperature in some tests and at other 
temperatures in other tests. Only the tests with radiation present are included. 

7.1 Deionized Water with and without Resin 

Figure 7.1 shows the self-flammability potential of gases generated by irradiation of water and 
water/resin at 25 °C and 45 °C, while Figure 7.4 continues to 70 °C. For water/resin, all of the generated 
gases are above the UFL (fuel-rich), the only significant oxidant is oxygen, and the main generated 
inertant is nitrogen, although some carbon dioxide is also generated.  

For water alone, the generated gases sometimes are self-flammable owing to a higher oxygen fraction 
than in water/resin and a low fraction of nitrogen and carbon dioxide. It is hard to understand reason for 
the presence of these latter gases, since they have no obvious sources. Given their low concentration in 
many of the samples, they may come from noise in the composition measurement or in the air-removal 
calculations. As can be seen in Figure 7.1 and Figure 7.4, the molar ratio of hydrogen to oxygen is near 
the stoichiometric value, 2:1. 

7.2 Nominal Target Feed Simulant with and without Resin 

The nominal target feed simulant used in Test 2 and Test 5 had a sodium (Na) concentration of about 
5.6 M and contained no reactive carbon. The self-flammability potential of gases generated by irradiation 
of simulant and simulant/resin is shown in Figure 7.2 (25 °C and 45 °C) and Figure 7.5 (70 °C). At the 



 

7.3 

lower temperatures, the generated gases from simulant/resin are above the UFL, the only significant 
oxidant is oxygen (often not present at all), and the only significant inertant is nitrogen, whose mole 
fraction increases from early to late samples. Only traces of carbon dioxide are present. At 70 °C, as 
shown in Figure 7.5, the gases remain above the UFL. At this temperature, carbon dioxide is present in 
later samples in more than trace quantities, but nitrogen is still the predominant inertant.  

The gases from simulant alone consistently contain no nitrogen or nitrous oxide, and only traces of 
carbon dioxide. The oxygen fraction increases with temperature. At 25 °C the gases are barely above the 
UFL, at 45 °C they are in the center of the envelope, and at 70 °C they are still within the envelope but 
near the LFL. 

7.3 Nominal Target Feed Simulant Plus HEDTA with and without 
Resin 

The 5.6 M Na feed simulant discussed above was tested at 70 °C after adding a low concentration of 
the reactive carbon compound HEDTA. For brevity, this form of the simulant is referred to as simulant+C 
in the present discussion. The self-flammability potential of gases generated by irradiation of simulant+C 
and simulant+C/resin is shown in Figure 7.4 (Test 4).  

Most of the gases generated by simulant+C/resin at 70 °C are above the UFL, though closer to it than 
for plain (no HEDTA) simulant/resin at 70 °C (Figure 7.5). One sample (the second one taken) was only 
slightly above the UFL, and another (the first) was within the envelope. Over time, the fraction of inertant 
increased and the mixture became more fuel-rich. Nitrous oxide was the only oxidant and oxygen was 
absent, the opposite of the situation for plain simulant/resin, and nitrogen was the only inertant. 

The simulant+C without resin consistently produced self-flammable gases at 70 °C. The types of 
gases and the way they changed over time were similar to those for simulant+C/resin, but the inertant 
(nitrogen) fraction was consistently lower. 

7.4 Nitric Acid with and without Resin 

Dilute nitric acid (0.45 M HNO3) was also tested with and without resin at 25 °C, 45 °C, and 70 °C in 
Tests 3 and 5. The self-flammability potential of gases generated by irradiation of simulant and 
simulant/resin is shown in Figure 7.3 (25 °C and 45 °C) and Figure 7.5 (70 °C).  

At 25 °C and 45 °C, the gas generated from HNO3/resin was within the flammability envelope at 
188 hr, on or not far above the UFL at 383 hr, and definitely above the UFL at later times. Nitrous oxide 
was the only oxidant, while both nitrogen and carbon dioxide were significant inertants, with carbon 
dioxide being predominant. The fuel fraction increased over the course of the test, while the oxidant 
decreased and the inertant peaked and then decreased. At 70 °C, fuel and inertant concentrations were 
high enough to keep the generated gas almost outside the flammability envelope, although one sample is 
on the UFL. This was the only test where nitric oxide appeared as a significant fraction of the gas, more 
than 6 mol% at the beginning of the test, dropping to zero by the end. 

The gas generated from HNO3 alone was consistently self-flammable. The oxidant was oxygen and 
the inertants were at trace levels in the gas. The molar ratio of hydrogen to oxygen is near the 
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stoichiometric value. The data point that has considerably lower H2 than the others was affected by a large 
air in-leakage in one of the replicates. It would have grouped with them if the air-affected data had been 
excluded. 

7.5 Summary 

For all four of the simulants tested in this study, the presence of resin led to the production of gases 
that were less self-flammable than the gases from simulant alone. Although self-flammability was 
decreased by the presence of resin, the flammability of the resin-affected gas in externally introduced air 
would be higher in those cases where the fuel content is increased by resin.  A brief summary of the effect 
of sRF resin on self-flammability is as follows: 

• Water: The effect of resin, at all tested temperatures, was to make the gases higher in fuel and lower 
in oxidant. 

• Plain feed simulant (no HEDTA): The presence of resin led to gases that contained more fuel and 
more inertant (and therefore less oxidant) than for the simulant alone, an effect that became more 
pronounced as temperature increased from 25 °C to 70 °C.  

• Feed simulant plus HEDTA: At 70 °C, the only temperature tested, the effect of resin was to increase 
the fuel and inertant fractions. 

• Nitric acid: The effect of resin, at all tested temperatures, was to decrease the fuel fraction and 
increase the inertant fraction.
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Figure 7.1. Flammability characteristics of gases from Test 1. 
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Figure 7.2. Flammability characteristics of gases from Test 2. 
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Figure 7.3. Flammability characteristics of gases from Test 3. 
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Figure 7.4. Flammability characteristics of gases from Test 4. 
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Figure 7.5. Flammability characteristics of gases from Test 5. 
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8.0 Summary 

Prior to this project work, there was a limited number of well-controlled studies of the impact of sRF 
resin on hydrogen generation. The current safety basis for the LAWPS for hydrogen is 1.4 times the Hu 
model output for water as derived by WRPS based on previous studies of hydrogen generation of sRF 
resin. The testing conducted here is to support this safety basis with the addition of sRF resin to different 
liquids that will be used in the LAWPS. Test 1 was conducted using laboratory-grade DI water and 
demonstrated results well below the Hu model with water alone and results below the Hu model with the 
addition of resin. However, the use of less-pure grades of water will likely result in higher hydrogen 
generation rates as there may be species present to scavenge hydroxyl radicals and increase the hydrogen 
concentration in the headspace based on the experiments conducted and presented in the literature 
(Pastina et al. 1999). The prompt radiolytic hydrogen generation describes the initial production of 
molecular hydrogen in an open system under radiolytic conditions. Most experiments to determine the 
prompt hydrogen value of water or other aqueous species add a reductant such as bromide to preserve the 
molecular hydrogen from attack by hydroxyl radicals. The water-only values do not match the prompt 
hydrogen value of 0.45 likely because the experiment was performed in a closed system with laboratory 
grade deionized water in the absence of reductant species. The values obtained were found to reasonably 
match literature values for a pure water experiment in a closed system (Pastina and Laverne 2001) as well 
as the rate constant information in the literature (Buxton et al. 1988). 

The remaining tests on other ion exchange process liquids and simulated feed demonstrated hydrogen 
generation rates less than the anticipated modeled generation rate for water using the Hu model, i.e., G-
values less than 0.45, and in some cases less than the Hu model predicted values for those liquids. It 
should be noted that towards the end of the simulant tests, the G-values were higher than the Hu model 
prediction for the simulant, likely due to oxidative degradation of the resin and further scavenging of 
hydroxyl radicals by the resin. The thermal-only experiments yielded very little hydrogen (less than 1%) 
as compared to the radiolytic system experiments.  

Visual examination of the resin and liquids after testing showed significant resin darkening in the 
irradiated resin cases, which is an indicator of oxidation. The exact impact on cesium loading capacity 
this damage would cause is not known. The liquids showed discoloration, likely from leaching and 
reaction of the liquid with the organic resin. In addition, self-heating behavior was observed in the nitric 
acid testing at elevated temperatures in the presence of resin. 
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A.1 

Table A.1. Percent Composition of Gas Sampled (including argon) – Water-Only Data, 25 °C      
Mole Percent Gas, 25 °C 

Sample Laboratory 
ID 

Δ T 
(hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) 

Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 Other 
hydrocarbons 

Notes 

Test 1, 
Vessel 1-1 

1-1 Day 11 259.0
0 259.00 9.16E+07 97.9 0.581 1.2 0.21  0.178       

G-1-23-1 191.4
2 450.42 6.77E+07 95.55 2.94 0.191 1.15  0.168       

G-1-30-1 192.0
0 642.42 6.79E+07 88.5 4.52 3.67 3.15  0.131      A 

G-1-44-1 216.0
8 858.50 7.64E+07 29.8 1.62 53.5 15  0.063   0.002   A 

Test 1, 
Vessel 1-5 

1-5 Day 11 259.0
0 259.00 9.16E+07 98.5 0.723 0.547 0.036  0.177       

G-1-23-5 191.4
2 450.42 6.77E+07 96.3 2.55 0.087 0.93  0.163       

G-1-30-5 192.0
0 642.42 6.79E+07 93.8 4.16 0.131 1.83  0.118       

G-1-44-5 216.0
8 858.50 7.64E+07 91.38 3.63 2.62 2.26  0.098       

Test 1, 
Vessel 2-1 

2-1 Day 10 236.0
8 236.08 0 99.61  0.284 0.091  0.01       

G-1-24-1 191.1
7 427.25 0 99.53 0.011 0.374 0.076  0.012       

G-1-31-1 191.5
0 618.75 0 99.82  0.133 0.038  0.009       

G-1-45-1 215.5
8 834.33 0 99.48 0.012 0.395 0.087  0.026       

Test 1, 
Vessel 2-5 

2-5 Day 10 236.0
8 236.08 0 99.65  0.286 0.055  0.009       

G-1-24-5 191.1
7 427.25 0 99.84 0.004 0.142 0.005  0.008       

G-1-31-5 191.5
0 618.75 0 99.82  0.133 0.038  0.009       

G-1-45-5 215.5
8 834.33 0 99.79  0.165 0.038  0.009       

A - Corrected for air in-leakage based on the nitrogen content 
Blank values indicate < 0.001 mol % gas 

 
  



 

A.2 

Table A.2. Percent Composition of Gas Sampled (including argon) – Water-Only Data, 45 °C 
      

Mole Percent Gas, 45 °C 
Sample Laboratory 

ID 
Δ T (hrs) Cumulative 

Run Time 
(hrs) 

Δ Dose 
(Rad) 

Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 Other 
hydrocarbons 

Notes 

Test 1, 
Vessel 1-3 

1-3 Day 11 259.00 259.00 9.16E+07 96.3 0.822 2.15 0.48  0.229 
      

G-1-23-3 191.42 450.42 6.77E+07 99.01 0.401 0.332 0.081  0.175 
      

G-1-30-3 192.00 642.42 6.79E+07 99.22 0.5 0.106 0.017  0.158 
      

G-1-44-3 216.08 858.50 7.64E+07 99.4 0.388 0.075 0.016  0.123 
      

Test 1, 
Vessel 1-7 

1-7 Day 11 259.00 259.00 9.16E+07 98.3 0.887 0.578 0.042  0.242 
      

G-1-23-7 191.42 450.42 6.77E+07 99.29 0.432 0.073 0.021  0.188 
      

G-1-30-7 192.00 642.42 6.79E+07 99.4 0.351 0.094 0.02  0.139 
      

G-1-44-7 216.08 858.50 7.64E+07 99.49 0.315 0.061 0.024  0.109 
      

Test 1, 
Vessel 2-3 

2-3 Day 10 236.08 236.08 0 99.58  0.363 0.051  0.008 
      

G-1-24-3 191.17 427.25 0 96.49 0.01 2.94 0.55  0.011 
      

G-1-31-3 191.50 618.75 0 99.89  0.09 0.009  0.007 
      

G-1-45-3 215.58 834.33 0 99.81 0.011 0.131 0.032  0.015 
      

Test 1, 
Vessel 2-7 

2-7 Day 10 236.08 236.08 0 99.62  0.308 0.066  0.008 
      

G-1-24-7 191.17 427.25 0 97.94  1.63 0.423  0.006 
      

G-1-31-7 191.50 618.75 0 99.86  0.113 0.023  0.004 
      

G-1-45-7 215.58 834.33 0 98.91  0.916 0.166  0.013 
      

Blank values indicate < 0.001 mole % gas 



 

A.3 

Table A.3. Percent Composition of Gas Sampled (including argon) – Water-Only Data, 70 °C 
      

Mole Percent Gas, 70 °C 
Sample Laboratory 

ID 
Δ T (hrs) Cumulative 

Run Time 
(hrs) 

Δ Dose 
(Rad) 

Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 Other 
hydrocarbon

s 

Note
s 

Test 4, 
Vessel 1-1 

G-1-162-1 165.08 165.08 5.36E+07 96.7 0.928 1.73 0.384  0.251       

G-2-8-1 168.17 333.25 5.46E+07 98.41 0.552 0.672 0.111  0.254       

G-2-18-1 167.50 500.75 5.44E+07 92.9 4.83 0.08 2  0.249       

G-2-28-1 168.08 668.83 5.46E+07 81.7 12.2 0.139 5.81  0.153       

G-2-36-1 144.33 813.17 4.69E+07 73.6 13.3 5.33 7.77  0.088      A 

G-2-44-1 143.08 956.25 4.64E+07 78 14.8 0.105 7.06  0.072       

Test 4, 
Vessel 1-3 

G-1-162-3 165.08 165.08 5.36E+07 96.5 1.14 1.66 0.493  0.226      A 

G-2-8-3 168.17 333.25 5.46E+07 81.3 12.5 0.095 5.82  0.2049 0.0051 0.0172     

G-2-18-3 167.50 500.75 5.44E+07 74.8 16.8 0.06 8.255  0.1129       

G-2-28-3 168.08 668.83 5.46E+07 73 18 0.05 8.85  0.0594       

G-2-36-3 144.33 813.17 4.69E+07 74.8 16.93 0.048 8.21  0.0377       

G-2-44-3 143.08 956.25 4.64E+07 75.7 16.3 0.056 7.89  0.0287       

Test 4, 
Vessel 2-1 

G-1-163-1 166.25 166.25 0 99.35  0.54 0.096  0.012       

G-2-9-1 168.17 334.42 0 99.787  0.188 0.006  0.019       

G-2-19-1 167.58 502.00 0 2.28  79.6 18.1        C 

G-2-29-1 168.00 670.00 0 76.1  18.9 5  0.021      C 

G-2-37-1 144.08 814.08 0 99.8  0.153 0.026  0.013 0.009      

G-2-45-1 143.08 957.17 0 99.868  0.104 0.017  0.01       

Test 4, 
Vessel 2-5 

G-1-163-5 166.25 166.25 0 99.41  0.471 0.082  0.036       

G-2-9-5 168.17 334.42 0 99.9 0.012 0.077 0.007  0.014       

G-2-19-5 167.58 502.00 0 99.865 0.042 0.07 0.012  0.011       

G-2-29-5 168.00 670.00 0 99.84 0.053 0.092 0.008  0.008       

G-2-37-5 144.08 814.08 0 99.845 0.057 0.075 0.012  0.01       

G-2-45-5 143.08 957.17 0 99.874 0.045 0.06 0.012 
 

0.009 
      

A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole percent gas 



 

A.4 

 
Table A.4. Percent Composition of Gas Sampled (including argon) - Water Plus Resin Data, 25 °C 

      
Mole Percent Gas, 25 °C 

Sample Laboratory 
ID 

Δ T 
(hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 1, 
Vessel 1-2 

1-2 Day 11 259.00 259.00 9.16E+07 61.5 37.3 1.03 0.147  0.006   0.014  0.006  

G-1-23-2 191.42 450.42 6.77E+07 66.2 33.1 0.104 0.57  0.005       

G-1-30-2 192.00 642.42 6.79E+07 58.3 41.5 0.139 0.051  0.004   0.006    

G-1-44-2 216.08 858.50 7.64E+07 38 61.9 0.059 0.04  0.008   0.006   D 

Test 1, 
Vessel 1-6 

1-6 Day 11 259.00 259.00 9.16E+07 75.2 24.2 0.55 0.022  0.006   0.011  0.008  

G-1-23-6 191.42 450.42 6.77E+07 42.2 18.9 30.7 8.2  0.02   0.004   A 

G-1-30-6 192.00 642.42 6.79E+07 69.3 30.6 0.062 0.017  0.003       

G-1-44-6 216.08 858.50 7.64E+07 54.9 45 0.052 0.018  0.005       

Test 1, 
Vessel 2-2 

2-2 Day 10 236.08 236.08 0 99.3  0.61 0.088  0.005       

G-1-24-2 191.17 427.25 0 94.71  4.31 0.97  0.014       

G-1-31-2 191.50 618.75 0 99.77  0.188 0.036  0.005       

G-1-45-2 215.58 834.33 0 99.8 0.013 0.149 0.024  0.012       

Test 1, 
Vessel 2-6 

2-6 Day 10 236.08 236.08 0 96.5 0.009 2.91 0.58  0.009       

G-1-24-6 191.17 427.25 0 99.81  0.16 0.028  0.005       

G-1-31-6 191.50 618.75 0 99.85  0.129 0.021  0.004       

G-1-45-6 215.58 834.33 0 82.9  13.6 3.5  0.013      C 
A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
D - Sampling error that may have affected gas composition 
Blank values indicate < 0.001 mole % gas 

 
  



 

A.5 

Table A.5. Percent Composition of Gas Sampled (including argon) - Water Plus Resin Data, 45 °C 
 

     Mole Percent Gas, 45 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons 

Note
s 

Test 1, 
Vessel 1-4 

1-4 Day 11 259.00 259.00 9.16E+07 51.8 44 3.5 0.7  0.017   0.047 0.013 0.009 D 

G-1-23-4 191.42 450.42 6.77E+07 70.2 29.6 0.116 0.018  0.006   0.016    

G-1-30-4 192.00 642.42 6.79E+07 68.8 30.8 0.316 0.062  0.005   0.013  0.011  

G-1-44-4 216.08 858.50 7.64E+07 62.4 37.5 0.092 0.023  0.008   0.014    

Test 1, 
Vessel 1-8 

1-8 Day 11 259.00 259.00 9.16E+07 64.8 34.5 0.64 0.023  0.006   0.039 0.011 0.011  

G-1-23-8 191.42 450.42 6.77E+07 77.9 22 0.074 0.009  0.006   0.012    

G-1-30-8 192.00 642.42 6.79E+07 61.4 38.5 0.102 0.013  0.004   0.017    

G-1-44-8 216.08 858.50 7.64E+07 65.4 34.4 0.117 0.017  0.011   0.01    

Test 1, 
Vessel 2-4 

2-4 Day 10 236.08 236.08 0 99.45  0.502 0.045  0.004       

G-1-24-4 191.17 427.25 0 99.73 0.02 0.196 0.017  0.034       

G-1-31-4 191.50 618.75 0 99.82  0.151 0.022  0.004       

G-1-45-4 215.58 834.33 0 98.9  0.92 0.209  0.01       

Test 1, 
Vessel 2-8 

2-8 Day 10 236.08 236.08 0 99.48 0.01 0.458 0.051  0.004       

G-1-24-8 191.17 427.25 0 99.74 0.015 0.202 0.036  0.004       

G-1-31-8 191.50 618.75 0 99.82 0.015 0.122 0.034  0.005       

G-1-45-8 215.58 834.33 0 99.3 0.018 0.142 0.029  0.006       

D - Sampling error that may have affected gas composition 
Blank values indicate < 0.001 mole % gas 

 
  



 

A.6 

Table A.6. Percent Composition of Gas Sampled (including argon) - Water Plus Resin Data, 70 °C 
 

     Mole Percent Gas, 70 °C 

Sample Laboratory 
ID Δ T (hrs) Cumulative 

Run Time (hrs) 
Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 4, 
Vessel 1-2 

G-1-162-2 165.08 165.08 5.36E+07 72.3 25.4 1.91 0.313  0.011 0.004  0.039 0.017 0.013  

G-2-8-2 168.17 333.25 5.46E+07 67.4 32.3 0.175 0.0167     0.0311 0.0185 0.00126  

G-2-18-2 167.50 500.75 5.44E+07 66.5 33.26 0.12 0.021  0.007   0.0266 0.0152 0.0115  

G-2-28-2 168.08 668.83 5.46E+07 66.9 32.9 0.117 0.0145  0.004   0.0253 0.0135 0.0133  

G-2-36-2 144.33 813.17 4.69E+07 68.2 30.9 0.7 0.1511  0.006 0.0059  0.0223 0.0132 0.009  

G-2-44-2 143.08 956.25 4.64E+07 64.9 34.8 0.194 0.0224  0.008   0.0275 0.0137 0.0121  

Test 4, 
Vessel 1-4 

G-1-162-4 165.08 165.08 5.36E+07 74.7 23.1 1.81 0.303  0.008 0.005  0.044 0.019 0.011  

G-2-8-4 168.17 333.25 5.46E+07 67.3 32.4 0.133 0.0133   0.0055  0.0366 0.0206 0.0145  

G-2-18-4 167.50 500.75 5.44E+07 69.3 30.5 0.125 0.0125  0.008   0.0293 0.0189   

G-2-28-4 168.08 668.83 5.46E+07 72 27.8 0.097 0.013  0.007   0.0242 0.0152 0.0109  

G-2-36-4 144.33 813.17 4.69E+07 62.1 29.9 6.29 1.64  0.01   0.0252 0.0112 0.0088 B  

G-2-44-4 143.08 956.25 4.64E+07 70.4 29.4 0.143 0.012  0.008   0.0282 0.0122   

Test 4, 
Vessel 2-2 

G-1-163-2 166.25 166.25 0 99.5 0.022 0.418 0.0213  0.033       

G-2-9-2 168.17 334.42 0 99.701 0.058 0.227 0.005  0.009       

G-2-19-2 167.58 502.00 0 99.756 0.012 0.211 0.0128  0.008       

G-2-29-2 168.00 670.00 0 86.6 0.014 10.7 2.7324  0.014      C  

G-2-37-2 144.08 814.08 0 99.757 0.035 0.181 0.0151  0.008 0.0039      

G-2-45-2 143.08 957.17 0 99.841 0.027 0.115 0.0087  0.009       

Test 4, 
Vessel 2-6 

G-1-163-6 166.25 166.25 0 99.21 0.12 0.6 0.0463  0.019       

G-2-9-6 168.17 334.42 0 99.58 0.245 0.154 0.0031  0.017       

G-2-19-6 167.58 502.00 0 99.671 0.193 0.111 0.0145  0.011       

G-2-29-6 168.00 670.00 0 99.33 0.179 0.408 0.0706  0.008 0.0036      

G-2-37-6 144.08 814.08 0 99.781 0.116 0.088 0.0069  0.008       

G-2-45-6 143.08 957.17 0 99.824 0.07 0.082 0.0149  0.009       

B - Corrected for air in-leakage based on oxygen concentration 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 



 

A.7 

 
Table A.7. Percent Composition of Gas Sampled (including argon) – Nitric Acid Only Data, 25 °C 

      
Mole Percent Gas, 25 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 3, 
Vessel 1-1 

G-1-107-1 188.00 188.00 6.42E+07 85.4 10.3 0.133 4.23  0.2      
 

G-1-118-1 195.58 383.58 6.68E+07 78.1 13.5 1.53 6.8  0.158      
 

G-1-127-1 164.50 548.08 5.62E+07 81.9 12.1 0.198 5.85   0.017     
 

G-1-135-1 170.83 718.92 5.84E+07 81.2 12.3 0.447 6.01  0.074      
 

G-1-145-1 165.33 884.25 5.64E+07 82.2 11.9 0.099 5.738  0.059      
 

Test 3, 
Vessel 1-5 

G-1-107-5 188.00 188.00 6.42E+07 85.7 9.4 0.76 4.13  0.018 0.022 0.004    
 

G-1-118-5 195.58 383.58 6.68E+07 84.2 10.8 0.096 4.88  0.154      
 

G-1-127-5 164.50 548.08 5.62E+07 74.2 7.77 11.3 6.62  0.126      A 

G-1-135-5 170.83 718.92 5.84E+07 86 9.38 0.056 4.4  0.112       

G-1-145-5 165.33 884.25 5.64E+07 82.8 11.5 0.05 5.56  0.088       

Test 3, 
Vessel 2-1 

G-1-108-1 185.67 185.67 0 99.16  0.598 0.22   0.022 0.011     

G-1-119-1 196.17 381.83 0 4.36  75.5 20.1     0.002   C 

G-1-128-1 163.58 545.42 0 3.85  75.8 20.4        C 

G-1-136-1 171.17 716.58 0 3.45  76.1 20.4  0.056 0.008  0.002   C 

G-1-146-1 165.25 881.83 0 3.3  76.1 20.5  0.053   0.001   C 

Test 3, 
Vessel 2-5 

G-1-108-5 185.67 185.67 0 99.65  0.245 0.094   0.065 0.066    
 

G-1-119-5 196.17 381.83 0 99.84  0.113 0.033  0.012      
 

G-1-128-5 163.58 545.42 0 99.88  0.09 0.032        
 

G-1-136-5 171.17 716.58 0 99.802  0.134 0.046  0.01 0.008     
 

G-1-146-5 165.25 881.83 0 99.858  0.091 0.031  0.013 0.006     
 

A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 

  



 

A.8 

 
Table A.8. Percent Composition of Gas Sampled (including argon) – Nitric Acid Only Data, 45 °C 

       
Mole Percent Gas, 45 °C 

Sample Laboratory 
ID 

Δ T 
(hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 3, 
Vessel 1-3 

G-1-107-3 188.00 188.00 6.42E+07 87 9.11 0.1382 3.71  0.1984       

G-1-118-3 195.58 383.58 6.68E+07 82.5 11.9 0.194 5.53         

G-1-127-3 164.50 548.08 5.62E+07 83.9 10.7 0.096 5.22         

G-1-135-3 170.83 718.92 5.84E+07 82.4 11.9 0.074 5.6  0.07 0.005      

G-1-145-3 165.33 884.25 5.64E+07 82.1 12 0.039 5.86  0.053 0.003      

Test 3, 
Vessel 1-7 

G-1-107-7 188.00 188.00 6.42E+07 86.3 9.63 0.112 3.89  0.023 0.026      

G-1-118-7 195.58 383.58 6.68E+07 82.7 11.8 0.077 5.46  0.153       

G-1-127-7 164.50 548.08 5.62E+07 84.6 10.3 0.067 4.95  0.116       

G-1-135-7 170.83 718.92 5.84E+07 84.4 10.6 0.041 4.81  0.097 0.005      

G-1-145-7 165.33 884.25 5.64E+07 84 10.6 0.042 5.19  0.078 0.007      

Test 3, 
Vessel 2-3 

G-1-108-3 185.67 185.67 0 99.6  0.315 0.033    0.012     

G-1-119-3 196.17 381.83 0 99.838  0.08 0.019  0.032 0.031      

G-1-128-3 163.58 545.42 0 99.85  0.091 0.021   0.043      

G-1-136-3 171.17 716.58 0 98.67  1.03 0.205  0.046 0.045      

G-1-146-3 165.25 881.83 0 99.661  0.16 0.012  0.131 0.035      

Test 3, 
Vessel 2-7 

G-1-108-7 185.67 185.67 0 99.7  0.253 0.047    0.023 0.0018    

G-1-119-7 196.17 381.83 0 99.89  0.056 0.013  0.03 0.014      

G-1-128-7 163.58 545.42 0 99.913  0.045 0.015   0.028      

G-1-136-7 171.17 716.58 0 99.852  0.052 0.009   0.087      

G-1-146-7 165.25 881.83 0 99.8  0.054 0.009  0.029 0.06 0.029     

Blank values indicate < 0.001 mole % gas 

 
  



 

A.9 

Table A.9. Percent Composition of Gas Sampled (including argon) – Nitric Acid Only Data, 70 °C 
       

Mole Percent Gas, 70 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 5, Vessel 1-1 

G-2-63-1 193.33 193.33 6.16E+07 74.3 15.6 2.18 6.86  0.956 0.052 0.042    A 

G-2-76-1 192.33 385.67 6.13E+07 79 14.3 0.096 6.59   0.048     A 

G-2-89-1 193.67 579.33 6.17E+07 79 14.2 0.057 6.58  0.158 0.018     A 

G-2-102-1 189.17 768.50 6.03E+07 80 13.7 0.073 6.1   0.017     A 

G-2-116-1 190.92 959.42 6.08E+07 80.2 13.6 0.131 5.9  0.117 0.036     A 

Test 5, Vessel 1-5 

G-2-63-5 193.33 193.33 6.16E+07 17.2  60.4 22.4        A 

G-2-76-5 192.33 385.67 6.13E+07 82.6 12.1 0.215 5.02   0.038     A 

G-2-89-5 193.67 579.33 6.17E+07 74.7 11.3 7.01 6.78  0.199 0.017     A 

G-2-102-5 189.17 768.50 6.03E+07 82.2 12.1 0.228 5.23  0.2 0.022     A 

G-2-116-5 190.92 959.42 6.08E+07 82.5 12.1 0.268 4.92  0.17 0.024     A 

Test 5, Vessel 2-1 

G-2-64-1 194.08 194.08 0 99.129  0.126 0.012   0.704  0.03    

G-2-77-1 192.50 386.58 0 14.8  67.2 18   0.017  0.002   C 

G-2-90-1 193.67 580.25 0 96.7  0.587 0.012  0.124 2.49  0.103    

G-2-103-1 189.08 769.33 0 93.7   0.018  0.063 6  0.249    

G-2-117-1 190.92 960.25 0 86.3  2.62 0.03   10.58  0.439    

Test 5, Vessel 2-5 

G-2-64-5 194.08 194.08 0 99.36  0.155 0.01   0.454  0.018    

G-2-77-5 192.50 386.58 0 98.11  0.078 0.012   1.73  0.072    

G-2-90-5 193.67 580.25 0 95   0.016   4.81  0.198    

G-2-103-5 189.08 769.33 0 90.6   0.018   8.99  0.372    

G-2-117-5 190.92 960.25 0 85.1   0.029   14.264  0.591    

A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 
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Table A.10. Percent Composition of Gas Sampled (including argon) – Nitric Acid plus Resin Data, 25 °C  
      

Mole Percent Gas, 25 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 3, 
Vessel 1-2 

G-1-107-2 188.00 188.00 6.42E+07 70.3 9.07 4.42   6.83  9.35 0.0116    

G-1-118-2 195.58 383.58 6.68E+07 62 4.27 11.9   14.4  7.33 0.005    

G-1-127-2 164.50 548.08 5.62E+07 71.8 6.26 2.88   17.7  1.31     

G-1-135-2 170.83 718.92 5.84E+07 81.5 11.3 0.806 0.056  6.32 0.017      

G-1-145-2 165.33 884.25 5.65E+07 71.3 18.8 0.41 0.075  9.34       

Test 3, 
Vessel 1-6 

G-1-107-6 188.00 188.00 6.42E+07 71.5 8.1 2.85   8.4  9.09 0.0071    

G-1-118-6 195.58 383.58 6.68E+07 59.9 4.88 13.6   15.4  6.17 0.003    

G-1-127-6 164.50 548.08 5.62E+07 68.5 12.5 2.28   16.2  0.5     

G-1-135-6 170.83 718.92 5.84E+07 73.6 17.5 0.566 0.07  8.23       

G-1-145-6 165.33 884.25 5.65E+07 75.4 17.1 0.233 0.061  7.25       

Test 3, 
Vessel 2-2 

G-1-108-2 185.67 185.67 0 99.1  0.618 0.016   0.047 0.198     

G-1-119-2 196.17 381.83 0 99.623  0.287 0.015   0.04 0.036     

G-1-128-2 163.58 545.42 0 99.61  0.276 0.02   0.095      

G-1-136-2 171.17 716.58 0 99.635  0.158 0.018  0.077 0.112      

G-1-146-2 165.25 881.83 0 3.3  76.11 20.5  0.053 0.008  0.001   C 

Test 3, 
Vessel 2-6 

G-1-108-6 185.67 185.67 0 26.4  58 15.5   0.005 0.006 0.0021   C 

G-1-119-6 196.17 381.83 0 99.8  0.125 0.013  0.059       

G-1-128-6 163.58 545.42 0 99.89  0.091 0.017         

G-1-136-6 171.17 716.58 0 99.85  0.116 0.029         

G-1-146-6 165.25 881.83 0 99.853  0.085 0.02  0.042       

C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 
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Table A.11. Percent Composition of Gas Sampled (including argon) – Nitric Acid plus Resin Data, 45 °C  
       

Mole Percent Gas, 45 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 3, 
Vessel 1-4 

G-1-107-4 188.00 188.00 6.42E+07 62.5 8.08 1.96   15.3  12.2 0.0124    

G-1-118-4 195.58 383.58 6.68E+07 50.8 9.7 8.8   26.4  4.32 0.003    

G-1-127-4 164.50 548.08 5.62E+07 66.9 14 3.46 0.119  15.4 0.093 0.278     

G-1-135-4 170.83 718.92 5.84E+07 59 26.5 1.21 0.108  13.1 0.021      

G-1-145-4 165.33 884.25 5.65E+07 66.3 23.5 0.37 0.082  9.74       

Test 3, 
Vessel 1-8 

G-1-107-8 188.00 188.00 6.42E+07 73.6 5.7 1.28   10.2  9.12 0.0152    

G-1-118-8 195.58 383.58 6.68E+07 48 8.63 9.07   28.3  5.98 0.003    

G-1-127-8 164.50 548.08 5.62E+07 64.5 14.2 0.228   16.2  0.542     

G-1-135-8 170.83 718.92 5.84E+07 67 19.6 1.25 0.098  12 0.082      

G-1-145-8 165.33 884.25 5.65E+07 64.9 23.3 0.714 0.081  10.9 0.056  0.005    

Test 3, 
Vessel 2-4 

G-1-108-4 185.67 185.67 0 97.2  0.117   0.87 1.07 0.733 0.0554    

G-1-119-4 196.17 381.83 0 96.33  0.702 0.022  1.94 0.419 0.57 0.011    

G-1-128-4 163.58 545.42 0 95.57  0.017   2.51  1.89 0.007    

G-1-136-4 171.17 716.58 0 96.26  0.759 0.032  2.74 0.207      

G-1-146-4 165.25 881.83 0 47.3  40.7 10.7  1.03 0.082 0.22    C 

Test 3, 
Vessel 2-8 

G-1-108-8 185.67 185.67 0 98.1  0.115   0.584 1.07 0.103 0.05    

G-1-119-8 196.17 381.83 0 98.07  0.18 0.012  0.476 1.05 0.17 0.043    

G-1-128-8 163.58 545.42 0 98.15     0.93 0.88  0.042    

G-1-136-8 171.17 716.58 0 98.27  0.024   1.05 0.627  0.031    

G-1-146-8 165.25 881.83 0 98.371  0.141 0.01  0.513 0.825 0.105 0.036    

C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 
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Table A.12. Percent Composition of Gas Sampled (including argon) – Nitric Acid plus Resin Data, 70 °C 
      

Mole Percent Gas, 70 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 5, 
Vessel 1-2 

G-2-52-2 50.83 50.83 1.62E+07 60.9 3.18 0.684   26 6.49 2.58 0.159    

G-2-55-2 46.42 97.25 1.48E+07 58.2 3.46    28.76 6.03 3.44 0.116    

G-2-59-2 46.75 144.00 1.49E+07 61.2 3.6    27.4 4.52 3.12 0.077    

G-2-63-2 49.33 193.33 1.57E+07 67.4 3.37    23.4 3.84 1.9 0.08    

G-2-66-2 48.58 241.92 1.55E+07 67.4 3.59    23.6 2.9 2.48 0.044    

G-2-70-2 46.25 288.17 1.47E+07 60.6 3.48    29.9 1.62 4.44 0.014    

G-2-73-2 48.83 337.00 1.56E+07 59.9 4.64    30.6  5.7     

G-2-76-2 48.67 385.67 1.55E+07 70.7 4.93    22.4  1.48     

G-2-82-2 94.92 480.58 3.02E+07 62.9 8.82    28 0.203 0.11     

G-2-89-2 98.75 579.33 3.15E+07 69.2 9.69    21.5       

G-2-102-2 189.17 768.50 6.03E+07 68.1 17.7 0.671 0.105  13.5 0.018  0.007   B 

G-2-116-2 190.92 959.42 6.08E+07 69.2 18.3 0.412 0.094  12 0.018  0.008   B 

Test 5, 
Vessel 1-6 

G-2-52-6 50.83 50.83 1.62E+07 65.8 3.87 0.404   21.8 4.89 3.08 0.1 0.053   

G-2-55-6 46.42 97.25 1.48E+07 8.14 0.15 71.1 18.8  1.45 0.15 0.243 0.002   A 

G-2-59-6 46.75 144.00 1.49E+07 63.3 3.36    24.23 5.71 3.27 0.111    

G-2-63-6 49.33 193.33 1.57E+07            E 

G-2-66-6 48.58 241.92 1.55E+07 62 3.14    26.8 2.13 6 0.02    

G-2-70-6 46.25 288.17 1.47E+07 64.5 2.93    26.2 1.71 4.63 0.015    

G-2-73-6 48.83 337.00 1.56E+07 62 4.31    27.9  7.04 0.008    

G-2-76-6 48.67 385.67 1.55E+07 71.2 5    22.3  1.01     

G-2-82-6 94.92 480.58 3.02E+07 63.8 8.25    27 0.5 0.456     

G-2-89-6 98.75 579.33 3.15E+07 64.6 8.2    25.9 0.321 0.895     

G-2-102-6 189.17 768.50 6.03E+07 61.4 14 4.13 0.215  20.1 0.156     B 

G-2-116-6 190.92 959.42 6.08E+07 69.5 14.9 0.982   14.5 0.23      

Test 5, 
Vessel 2-2 

G-2-53-2 51.67 51.67 0 51.3     40.8 5.18 2.59 0.107    

G-2-56-2 46.58 98.25 0 56.8     37.6 3.68 1.82 0.075    



 

A.13 

G-2-64-2 95.83 194.08 0            F 

G-2-77-2 192.50 386.58 0 55  0.71     44.3 0.03    

G-2-90-2 193.67 580.25 0 61.4  1.78   31.5 2.09 3.21 0.025    

G-2-103-2 189.08 769.33 0 84.2  1.46 0.094  13.1 1.05  0.03    

G-2-117-2 190.92 960.25 0 86.2  0.829 0.093  12.5 0.39      

Test 5, 
Vessel 2-6 

G-2-53-6 51.67 51.67 0 64.6     29.3 3.96 2.1 0.079    

G-2-56-6 46.58 98.25 0 74.7     21.5 2.45 1.3 0.048    

G-2-64-6 95.83 194.08 0 63.563  0.304   36.086   0.046    

G-2-77-6 192.50 386.58 0 52.5  0.692   40.4  2.64 0.06    

G-2-90-6 193.67 580.25 0 58.6  0.867   35.1 3.78 1.58 0.09    

G-2-103-6 189.08 769.33 0 82.9  1.58 0.099  14.9 0.492  0.007    

G-2-117-6 190.92 960.25 0 88.2  0.544 0.077  10.9 0.334      

A - Corrected for air in-leakage based on the nitrogen content 
B - Corrected for air in-leakage based on oxygen concentration 
E - Sample missing. Values estimated for calculations. 
F - Sample was lost in the mass spec laboratory. 
Blank values indicate < 0.001 mole % gas 
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Table A.13. Percent Composition of Gas Sampled (including argon) – Simulant Only Data, 25 °C  
      

Mole Percent Gas, 25 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 2, 
Vessel 1-1 

G-1-55-1 161.50 161.50 5.63E+07 90.6 5.5 2.16 1.62  0.005  0.08     

G-1-65-1 168.92 330.42 5.88E+07 74.8 5.8 13.6 5.68  0.007  0.111    A 

G-1-81-1 287.42 617.83 1.00E+08 77.6 10.8 6.8 4.8  0.083 0.022     A 

G-1-97-1 241.92 859.75 8.43E+07 88.6 8.9 0.379 2   0.002 0.085     

Test 2, 
Vessel 1-5 

G-1-55-5 161.50 161.50 5.63E+07 93.4 5.2 0.149 1.16  0.006  0.067     

G-1-65-5 168.92 330.42 5.88E+07 91.9 6.4 0.065 1.43  0.006  0.114     

G-1-81-5 287.42 617.83 1.00E+08 87.3 10.3 0.078 2.21    0.076     

G-1-97-5 241.92 859.75 8.43E+07 89.4 8.6 0.051 1.88    0.082     

Test 2, 
Vessel 2-1 

G-1-56-1 164.83 164.83 0 99.31  0.472 0.198  0.0161       

G-1-66-1 168.67 333.50 0 93.3  5.3 1.35  0.017      C 

G-1-82-1 287.42 620.92 0 98.9  0.832 0.276  0.021       

G-1-98-1 241.67 862.58 0 97.2 0.013 2.21 0.55  0.016       

Test 2, 
Vessel 2-5 

G-1-56-5 164.83 164.83 0 99.84  0.117 0.034  0.007       

G-1-66-5 168.67 333.50 0 99.78  0.174 0.043         

G-1-82-5 287.42 620.92 0 99.8  0.185 0.04  0.005       

G-1-98-5 241.67 862.58 0 99.8  0.195 0.032         

A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 
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Table A.14. Percent Composition of Gas Sampled (including argon) – Simulant Only Data, 45 °C  
      

Mole Percent Gas, 45 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 2, Vessel 
1-3 

G-1-55-3 161.50 161.50 5.63E+07 85.3 5.6 0.128 8.8  0.007  0.082     

G-1-65-3 168.92 330.42 5.88E+07 81.4 6.8 0.049 11.6  0.005  0.115     

G-1-81-3 287.42 617.83 1.00E+08 72.4 10.6 0.08 16.8  0.009  0.074     

G-1-97-3 241.92 859.75 8.43E+07 5.6 0.4 75.1 20.3  0.036  0.007 0.001   A 

Test 2, Vessel 
1-7 

G-1-55-7 161.50 161.50 5.63E+07 87 5.4 0.132 7.4  0.006  0.074     

G-1-65-7 168.92 330.42 5.88E+07 82.4 7.2 0.029 10.2  0.002  0.118     

G-1-81-7 287.42 617.83 1.00E+08 17.6 2.01 61.3 19  0.039 0.039 0.007    A 

G-1-97-7 241.92 859.75 8.43E+07 77.9 9.16 0.049 12.9  0.019  0.055     

Test 2, Vessel 
2-3 

G-1-56-3 164.83 164.83 0 1.73  77.5 20.8  0.047 0.002  0.002   C 

G-1-66-3 168.67 333.50 0 99.83  0.149 0.013  0.009       

G-1-82-3 287.42 620.92 0 99.91  0.06 0.007  0.018  0.003     

G-1-98-3 241.67 862.58 0 99.84  0.128 0.013  0.015       

Test 2, Vessel 
2-7 

G-1-56-7 164.83 164.83 0 99.8  0.189 0.005  0.007       

G-1-66-7 168.67 333.50 0 99.92  0.066 0.008  0.009       

G-1-82-7 287.42 620.92 0 99.92  0.052 0.012  0.016       

G-1-98-7 241.67 862.58 0 99.9  0.081 0.006    0.016     

A - Corrected for air in-leakage based on the nitrogen content 
C - Significant air in-leakage, due to lack of H2, this was not corrected. 
Blank values indicate < 0.001 mole % gas 
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Table A.15. Percent Composition of Gas Sampled (including argon) – Simulant Only Data, 70 °C 
      

Mole Percent Gas, 70 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 5, 
Vessel 1-3 

G-2-63-3 193.33 193.33 6.16E+07 50.1 7.13 0.134 42.6   0.036     A 

G-2-76-3 192.33 385.67 6.13E+07 60.9 6.25 0.035 32.8   0.015     A 

G-2-89-3 193.67 579.33 6.17E+07 54.4 6.65  33.9   0.019      

G-2-102-3 189.17 768.50 6.03E+07 60.5 6.29  33.2  0.035 0.009      

G-2-116-3 190.92 959.42 6.08E+07 59.7 6.18  34.1  0.025 0.01      

Test 5, 
Vessel 1-7 

G-2-63-7B 193.33 193.33 6.16E+07 50.6 6.71 0.531 42   0.066     G 

G-2-76-7 192.33 385.67 6.13E+07 62.5 6.15 0.015 31.2   0.07     A 

G-2-89-7 193.67 579.33 6.17E+07 58 6.28 0.002 35.64   0.067     A 

G-2-102-7 189.17 768.50 6.03E+07 58.6 5.32  35.8  0.186 0.045      

G-2-116-7 190.92 959.42 6.08E+07 61.5 5.66 0.01 32.76  0.076 0.025     A 

Test 5, 
Vessel 2-3 

G-2-64-3 194.08 194.08 0 95.5  3.607 0.91   0.032      

G-2-77-3 192.50 386.58 0 99.779  0.144 0.021   0.056      

G-2-90-3 193.67 580.25 0 99.842  0.102 0.008   0.048      

G-2-103-3 189.08 769.33 0 99.763  0.117 0.006  0.081 0.033      

G-2-117-3 190.92 960.25 0 99.545  0.079 0.006   0.356  0.014    

Test 5, 
Vessel 2-7 

G-2-64-7 194.08 194.08 0 99.34 0.01 0.58 0.03   0.05     B 

G-2-77-7 192.50 386.58 0 99.3  0.539 0.115   0.068      

G-2-90-7 193.67 580.25 0 99.742  0.149 0.028   0.082      

G-2-103-7 189.08 769.33 0 99.76  0.084 0.017  0.084 0.055      

G-2-117-7 190.92 960.25 0 99.838  0.071 0.016   0.075      

A - Corrected for air in-leakage based on the nitrogen content 
B - Corrected for air in-leakage based on oxygen concentration 
G - Sampling error, makeup sample shown here. 
Blank values indicate < 0.001 mole % gas 
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Table A.16. Percent Composition of Gas Sampled (including argon) – Simulant Plus Resin Data, 25 °C 
      

Mole Percent Gas, 25 °C 

Sample Laborator
y ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbon

s 

Note
s 

Test 2, 
Vessel 1-2 

G-1-55-2 161.50 161.50 5.63E+07 98.6 1.26 0.065 0.014    0.021     

G-1-65-2 168.92 330.42 5.88E+07 86.2 11.9 0.97 0.024    0.236     

G-1-81-2 287.42 617.83 1.00E+08 74.4 22.8 1.79   0.16 0.044 0.81     

G-1-97-2 241.92 859.75 8.43E+07 78.8 17.1 2.53 0.016   0.347 1.24     

Test 2, 
Vessel 1-6 

G-1-55-6 161.50 161.50 5.63E+07 96.2 3.58 0.141 0.059    0.032     

G-1-65-6 168.92 330.42 5.88E+07 93.5 6.1 0.24 0.003    0.121     

G-1-81-6 287.42 617.83 1.00E+08 79.5 18.5 1.15   0.178  0.6     

G-1-97-6 241.92 859.75 8.43E+07 80.7 16.1 1.7    0.002 1.47     

Test 2, 
Vessel 2-2 

G-1-56-2 164.83 164.83 0 99.8
8 

 0.092 0.012  0.011       

G-1-66-2 168.67 333.50 0 99.8  0.181 0.007  0.012       

G-1-82-2 287.42 620.92 0 99.8  0.145 0.009  0.01       

G-1-98-2 241.66 862.58 0 99.2  0.66 0.121  0.01       

Test 2, 
Vessel 2-6 

G-1-56-6 164.83 164.83 0 99.9  0.078 0.0148  0.005       

G-1-66-6 168.67 333.50 0 99.9  0.085 0.006  0.005       

G-1-82-6 287.42 620.92 0 99.9
1 

 0.064 0.016  0.006       

G-1-98-6 241.66 862.58 0 99.8
8 

 0.097 0.012  0.008       

Blank values indicate < 0.001 mole % gas 
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Table A.17. Percent Composition of Gas Sampled (including argon) – Simulant Plus Resin Data, 45 °C 
 

     Mole Percent Gas, 45 °C 

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 2, 
Vessel 1-4 

G-1-55-4 161.50 161.50 5.63E+07 45.2 3.35 40.4 11  0.018  0.027    A 

G-1-65-4 168.92 330.42 5.88E+07 85.4 13.2 1.02 0.155  0.003  0.117     

G-1-81-4 287.42 617.83 1.00E+08 83.3 14.1 1.47     1.16     

G-1-97-4 241.92 859.75 8.43E+07 81.6 13 3.22    0.014 2.1 0.009    

Test 2, 
Vessel 1-8 

G-1-55-8 161.50 161.50 5.63E+07 97.8 2.09 0.113 0.012  0.016       

G-1-65-8 168.92 330.42 5.88E+07 80.2 17 2 0.28  0.007  0.49     

G-1-81-8 287.42 617.83 1.00E+08 74.5 21.5 2.5     1.49 0.009    

G-1-97-8 241.92 859.75 8.43E+07 72.6 19.1 5.2    0.009 3.09 0.012    

Test 2, 
Vessel 2-4 

G-1-56-4 164.83 164.83 0 99.84  0.121 0.017   0.006 0.02     

G-1-66-4 168.67 333.50 0 99.83  0.128 0.012    0.022     

G-1-82-4 287.42 620.92 0 99.81  0.123 0.022  0.034  0.011     

G-1-98-4 241.67 862.58 0 99.8  0.189 0.015    0.027     

Test 2, 
Vessel 2-8 

G-1-56-8 164.83 164.83 0 99.75  0.219 0.018  0.017       

G-1-66-8 168.67 333.50 0 99.88  0.085 0.014  0.004  0.118     

G-1-82-8 287.42 620.92 0 99.84  0.113 0.014    0.027     

G-1-98-8 241.67 862.58 0 99.8  0.129 0.013    0.02     

A - Corrected for air in-leakage based on the nitrogen content 
Blank values indicate < 0.001 mole % gas 
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Table A.18. Percent Composition of Gas Sampled (including argon) – Simulant Plus Resin Data, 70 °C 
 

     Mole Percent Gas, 70 °C  

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 5, 
Vessel 1-4 

G-2-63-4 193.33 193.33 6.16E+07 76.9 17.8 3.01 0.008   0.012 2.26 0.009    

G-2-76-4 192.33 385.67 6.13E+07 77 13.3 5.83    0.011 3.85 0.017    

G-2-89-4 193.67 579.33 6.17E+07 70.9 13.1 11.6    0.079 4.22 0.032    

G-2-102-4 189.17 768.50 6.03E+07 69.1 12.1 15.4 0.02  2.5 0.738  0.039   B 

G-2-116-4 190.92 959.42 6.08E+07 64.8 11.7 19.9 0.019  2.71   0.049   B 

Test 5, 
Vessel 1-8 

G-2-63-8 193.33 193.33 6.16E+07 74.5 19.5 3.28    0.009 2.68 0.01    

G-2-76-8 192.33 385.67 6.13E+07 73.7 15.7 6.34    0.015 4.2 0.02    

G-2-89-8 193.67 579.33 6.17E+07 66.5 15.2 13    0.176 5.07 0.032    

G-2-102-8 189.17 768.50 6.03E+07 63.4 13.9 19.5 0.008  2.46 0.7  0.04   B 

G-2-116-8 190.92 959.42 6.08E+07 57.6 13.2 27.2 0.01  1.54 0.455  0.47   B 

Test 5, 
Vessel 2-4 

G-2-64-4 194.08 194.08 0 99.3 0.01 0.562 0.035   0.109     B 

G-2-77-4 192.50 386.58 0 99 0.011 0.86 0.033   0.097      

G-2-90-4 193.67 580.25 0 98.33  1.58 0.013   0.078      

G-2-103-4 189.08 769.33 0 30.1  55 14.8  0.071 0.014  0.002    

G-2-117-4 190.92 960.25 0 98.67  1.27 0.008   0.047      

Test 5, 
Vessel 2-8 

G-2-64-8 194.08 194.08 0 99.3 0.012 0.57 0.021   0.094     B 

G-2-77-8 192.50 386.58 0 98.92  1 0.012   0.068      

G-2-90-8 193.67 580.25 0 98.64  1.29 0.009   0.059      

G-2-103-8 189.08 769.33 0 96.88 0.011 2.77 0.012  0.253 0.071      

G-2-117-8 190.92 960.25 0 97  2.94 0.019   0.046      

B - Corrected for air in-leakage based on oxygen concentration 
Blank values indicate < 0.001 mole % gas 
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Table A.19. Percent Composition of Gas Sampled (including argon) – Simulant w/ TOC Data, 70 °C  
 

     Mole Percent Gas, 70 °C  

Sample Laboratory 
ID Δ T (hrs) 

Cumulative 
Run Time 

(hrs) 

Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 4, 
Vessel 1-5 

G-1-162-5 165.08 165.08 5.36E+07 42.8 4.88 7.49 1.08   0.09 43.6 0.038 0.013  B 

G-2-8-5 168.17 333.25 5.46E+07 41.9 6.28 3.01    0.056 48.7 0.063 0.027   

G-2-18-5 167.50 500.75 5.44E+07 50 7.76 12.5    0.043 29.4 0.051 0.272 0.02  

G-2-28-5 168.08 668.83 5.46E+07 65.2 9.56 10.9    0.037 14.1 0.037 0.121 0.018  

G-2-36-5 144.33 813.17 4.68E+07 81.2 9.87 4.7 0.06   0.041 4 0.037   B 

G-2-44-5 143.08 956.25 4.64E+07 75.3 9.06 3.64 10   0.041 2.1 0.034 0.014   

Test 4, 
Vessel 1-7 

G-1-162-7 165.08 165.08 5.36E+07 48.9 5.08     0.099 45.9 0.0412 0.01   

G-2-8-7 168.17 333.25 5.46E+07 44.1 5.85 2.06    0.0472 47.9 0.0626 0.013   

G-2-18-7 167.50 500.75 5.44E+07 52.3 7.04 10.2    0.0425 30.3 0.0481 0.043 0.0154  

G-2-28-7 168.08 668.83 5.46E+07 62.6 7.91 12.4    0.0266 16.9 0.0389 0.167 0.0232  

G-2-36-7 144.33 813.17 4.68E+07 81.6 8.35 4.9    0.0299 5.2 0.0537    

G-2-44-7 143.08 956.25 4.64E+07 84.7 8.36 3.2 1.28   0.047 2.62 0.0754   A 

Test 4, 
Vessel 2-3 

G-1-163-3 166.25 166.25 0 99.5  0.363 0.0458  0.047 0.014      

G-2-9-3 168.17 334.42 0 99.796  0.158 0.0075   0.0391      

G-2-19-3 167.58 502.00 0 99.1  0.657 0.139  0.093 0.0381      

G-2-29-3 168.00 670.00 0 99.7  0.157 0.0064  0.091 0.0253      

G-2-37-3 144.08 814.08 0 99.8 0.006 0.128 0.0113  0.073 0.0309      

G-2-45-3 143.08 957.17 0 99.75 0.007 0.125 0.0144  0.072 0.0319      

Test 4, 
Vessel 2-7 

G-1-163-7 166.25 166.25 0 99.4  0.455 0.052  0.076 0.031      

G-2-9-7 168.17 334.42 0 98.81  0.981 0.1687   0.0369      

G-2-19-7 167.58 502.00 0 99.36  0.492 0.0456  0.077 0.0243      

G-2-29-7 168.00 670.00 0 99.41  0.431 0.0528  0.074 0.0296      

G-2-37-7 144.08 814.08 0 99.48  0.393 0.0438  0.063 0.0234      

G-2-45-7 143.08 957.17 0 99.442 0.006 0.408 0.0594  0.061 0.0243      

A - Corrected for air in-leakage based on the nitrogen content 
B - Corrected for air in-leakage based on oxygen concentration 
Blank values indicate < 0.001 mole % gas 
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Table A.20. Percent Composition of Gas Sampled (including argon) – Simulant w/ TOC plus Resin Data, 70 °C 
 

     Mole Percent Gas, 70 °C  

Sample Laboratory 
ID Δ T (hrs) Cumulative 

Run Time (hrs) 
Δ Dose 
(Rad) Ar H2 N2 O2 CO CO2 NO N2O CH4 C2H6 

Other 
hydrocarbons Notes 

Test 4, 
Vessel 1-6 

G-1-162-6 165.08 165.08 5.36E+07 81.5 8.57 2.45 0.015   0.017 7.46 0.014    

G-2-8-6 168.17 333.25 5.46E+07 73.7 11.12 8.33    0.0095 6.86 0.0179    

G-2-18-6 167.50 500.75 5.44E+07 62.9 14.6 16.6    0.0075 5.81 0.0346    

G-2-28-6 168.08 668.83 5.46E+07 63.8 12.4 18.3    0.0113 5.46 0.0372    

G-2-36-6 144.33 813.17 4.68E+07 65.7 10.5 18.9    0.0201 4.95 0.0405    

G-2-44-6 143.08 956.25 4.64E+07 59.5 11.4 23.9    0.0161 5.14 0.0474    

Test 4, 
Vessel 1-8 

G-1-162-8 165.08 165.08 5.36E+07 77.4 12.4 3.14 0.182   0.014 6.86 0.02    

G-2-8-8 168.17 333.25 5.46E+07 69.4 16.8 9.07    0.0049 4.63 0.022    

G-2-18-8 167.50 500.75 5.44E+07 64 17.1 14.4    0.0059 4.42 0.029    

G-2-28-8 168.08 668.83 5.46E+07 62.1 16.6 16.9    0.0135 4.34 0.037    

G-2-36-8 144.33 813.17 4.68E+07 58.1 13.9 23.7    0.0169 4.38 0.04    

G-2-44-8 143.08 956.25 4.64E+07 53.6 13 28.9    0.0134 4.35 0.042    

Test 4, 
Vessel 2-4 

G-1-163-4 166.25 166.25 0 98.93  0.935 0.0553  0.055 0.0208      

G-2-9-4 168.17 334.42 0 99.44  0.532 0.0053   0.0224      

G-2-19-4 167.58 502.00 0 98.72  1.17 0.01  0.079 0.0219      

G-2-29-4 168.00 670.00 0 98.7  1.27 0.015   0.0138 0.025     

G-2-37-4 144.08 814.08 0 98.3  1.64 0.018  0.042 0.0165      

G-2-45-4 143.08 957.17 0 98.3  1.65 0.014  0.038 0.0117      

Test 4, 
Vessel 2-8 

G-1-163-8 166.25 166.25 0 99.38  0.511 0.055  0.039 0.0176      

G-2-9-8 168.17 334.42 0            F 

G-2-19-8 167.58 502.00 0 98.94  0.922 0.0119   0.0288 0.1     

G-2-29-8 168.00 670.00 0 98.64  1.28 0.0075   0.016 0.028     

G-2-37-8 144.08 814.08 0 98.69  1.23 0.023  0.041 0.0125      

G-2-45-8 143.08 957.17 0 98.84 0.013 1.09 0.0185  0.032 0.011      

F - Sample was lost in the mass spec laboratory 
Blank values indicate < 0.001 mole % gas 

 



 

 

Appendix B – 
Total Carbon Analysis Results 

 
 



 

B.1 

Table B.1. Water Data 

Sample 

Test 
Temperature 

(°C) 
Rad 

Exposure? 
Resin 

Contact? 
TIC  

(mg C/L) 
TOC  

(mg C/L) 
Test 1, Vessel 1-1 25 Y -- 7.2 52.2 
Test 1, Vessel 1-2 25 Y Y 296 67.5 
Test 1, Vessel 1-4 45 Y Y 684 105 
Test 1, Vessel 1-6 25 Y Y 408 91 
Test 1, Vessel 1-8 45 Y Y 391 81.5 
Test 1, Vessel 2-1 25 -- -- 9.7 47.2 
Test 1, Vessel 2-2 25 -- Y 82.8 87.9 
Test 1, Vessel 2-4 45 -- Y 47.0 104 
Test 4, Vessel 1-1 70 Y -- 8.2 34.4 
Test 4, Vessel 1-2 70 Y Y 406 119.24 
Test 4, Vessel 1-4 70 Y Y 364 108 
Test 4, Vessel 2-1 70 -- -- 10.1 26.7 
Test 4, Vessel 2-2 70 -- Y 45.2 104 

Table B.2. 0.45M HNO3 Data 

Sample 

Test 
Temperature 

(°C) 
Rad 

Exposure? 
Resin 

Contact? 
TIC  

(mg C/L) 
TOC  

(mg C/L) 
Test 3, Vessel 1-1 25 Y -- 4.5 39 
Test 3, Vessel 1-2 25 Y Y 16 60 
Test 3, Vessel 1-4 45 Y Y 20 70 
Test 3, Vessel 1-6 25 Y Y 22 69 
Test 3, Vessel 1-8 45 Y Y 19 76 
Test 3, Vessel 2-1 25 -- -- 7.2 28 
Test 3, Vessel 2-2 25 -- Y 13 44 
Test 3, Vessel 2-4 45 -- Y 11 47 
Test 5, Vessel 1-1 70 Y -- 3.5 28.00 
Test 5, Vessel 1-2 70 Y Y 31 79 
Test 5, Vessel 1-6 70 Y Y 29 48 
Test 5, Vessel 2-1 70 -- -- 8.3 32 
Test 5, Vessel 2-2 70 -- Y 8.3 125 
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Table B.3. 5.6M Na Simulant Data 

Sample 

Test 
Temperature 

(°C) 
Rad 

Exposure? 
Resin 

Contact? 
TIC  

(mg C/L) 
TOC  

(mg C/L) 
Test 2, Vessel 1-1 25 Y -- 6512 273 
Test 2, Vessel 1-2 25 Y Y 7630 1390 
Test 2, Vessel 1-4 45 Y Y 7400 1380 
Test 2, Vessel 1-6 25 Y Y 7370 1250 
Test 2, Vessel 1-8 45 Y Y 7560 1520 
Test 2, Vessel 2-1 25 -- -- 6350 330 
Test 2, Vessel 2-2 25 -- Y 5270 354 
Test 2, Vessel 2-4 45 -- Y 5490 522 
Test 5, Vessel 1-3 70 Y -- 6720 333 
Test 5, Vessel 1-4 70 Y Y 5180 2500 
Test 5, Vessel 1-8 70 Y Y 5100 3010 
Test 5, Vessel 2-3 70 -- -- 6370 299 
Test 5, Vessel 2-4 70 -- Y 2640 517 

Table B.4. 5.6M Na Simulant with 1%(w/w) Total Organic Carbon Data 

Sample 

Test 
Temperature 

(°C) 
Rad 

Exposure? 
Resin 

Contact? 
TIC  

(mg C/L) 
TOC  

(mg C/L) 
Test 4, Vessel 1-5 70 Y -- 14900 2220 
Test 4, Vessel 1-6 70 Y Y 3650 2150 
Test 4, Vessel 1-8 70 Y Y 3430 1690 
Test 4, Vessel 2-3 70 -- -- 5950 9800 
Test 4, Vessel 2-4 70 -- Y 935 1220 
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Appendix C – Gamma Dose Calibration Report 
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