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1 PURPOSE OF THE TECHNOLOGY MATURATION PLAN 

Small tank copper-catalyzed peroxide oxidation (CCPO) is a potentially viable technology to 
facilitate the destruction of the tetraphenylborate (TPB) solids contained within the Tank 48H 
waste at the Savannah River Site (SRS). The primary functions of this technology maturation 
plan (TMP) with respect to the proposed technology are to: 

i. Summarize the basic chemistry and historical application of catalyzed peroxide 
oxidation and its relevance to the treatment of TPB solids in the bulk Tank 48H waste. 

ii. Establish the principal technology elements (TEs) for the proposed process, and 
subsequently assess each TE with respect to its potential designation as a critical 
technology element (CTE). 

iii. Summarize fiscal year (FY) 2012 activities associated with technology maturation of the 
CCPO process. 

iv. Determine the associated technology readiness levels (TRLs) for each CTE using the 
methodologies described in the United States Department of Energy (DOE) Technology 
Readiness Assessment (TRA) Guide [1].  

v. Ascertain potential technology gaps that might hinder technology deployment, and 
document strategies for closing the gaps and maturing the technology to TRL 6. 

This TMP is intended to be a dynamic document to enable content modifications as potential 
updates to the currently assessed maturity of the technology are disclosed. 

2 INTRODUCTION 

Tank 48H currently holds approximately 240,000 gallons of radioactive legacy liquid waste 
material from the operation of the In-Tank Precipitation (ITP) process. The tank contains 
approximately 26,000 kg [2] of organic TPB compounds, predominantly insoluble potassium 
tetraphenylborate (KTPB) along with smaller quantities of cesium tetraphenylborate (CsTPB). 
Other insoluble solid constituents include monosodium titanate (MST) and sludge solids. The 
TPB has the potential to decompose to benzene (C6H6), which has required the use of controls 
to maintain the concentrations of flammable components in the Tank 48H vapor space 
sufficiently below the composite lower flammability limit (CLFL). In addition, the chemistry of the 
Tank 48H material poses a significant challenge to the salt processing and sludge processing 
facilities within the liquid waste system. Therefore, destruction of the organic constituents prior 
to permanent disposition is a key element for the liquid waste life‐cycle completion. Numerous 
technology and systems engineering evaluations (SEEs) through 2006 [3-5] have been 
performed to identify technologies that could treat and/or disposition the waste in Tank 48H and 
potentially return the tank to Tank Farm (TF) service. The initial evaluations recommended 
aggregation through the Saltstone Production Facility (SPF) as the preferred technology. 
Subsequent analyses of non-aggregation technologies recommended Fluidized Bed Steam 
Reforming (FBSR). The most recent systems engineering analysis provided insight into other 
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technologies that were promising but required modifications to the liquid waste system. Many of 
these changes are in line with those that are now taking place within the liquid waste system. In 
a review of the alternatives that were presented as part of a SEE performed in 2006 [5], the 
most promising options revisited were: (1) direct vitrification and (2) chemical destruction.  

Direct vitrification has become a viable option due to potential process enhancements in the 
Defense Waste Processing Facility (DWPF), such as the use of an alternate reductant (glycolic 
acid) to pretreat the sludge feed in the Chemical Processing Cell (CPC) while significantly 
reducing or eliminating the generation of hydrogen associated with the currently utilized 
reductant (formic acid). This modification, and the associated decrease in hydrogen, will 
increase the allowable proportions of other flammable components in the DWPF feed whilst 
maintaining the total flammables content sufficiently below the CLFL.  

The chemical destruction option became viable when experimentation using a CCPO (modified 
Fenton’s) process revealed near‐complete destruction of TPB under alkaline conditions (pH ≈ 
11) [6]. The more traditionally used iron-catalyzed Fenton’s process typically requires acidic 
conditions (pH < 5) [7] to achieve high destruction efficiencies of TPB. Processing under an 
acidic environment has previously posed two significant issues: 

A. Former emphasis was placed on in-situ treatment of the Tank 48H waste. Tank 48H is, 
however, constructed from carbon steel and at low pH the carbon steel corrodes rapidly. 
In alkaline solutions the formation of protective films greatly reduces the corrosion rate.  

B. Tank 48H waste is maintained under alkali conditions via the addition of sodium 
hydroxide (NaOH) due to the aforementioned corrosion issues. As such acid processing 
would firstly require a reduction of the Tank 48H waste pH, followed by an increase in 
pH at processing completion so that the waste remains compatible with other TF 
operations. Both of these operations would ultimately increase the volume of waste to be 
dispositioned after organic treatment. 

The availability of two stainless steel tanks located in 241-96H mitigate potential corrosion 
issues (Item A), and provide the ability to process smaller reaction volumes which can be more 
readily controlled; each tank has a liquid capacity of approximately 6000 gallons [8]. These 
tanks were considered unavailable in previous treatment evaluations due to their use for the 
Actinide Removal Process (ARP), as MST strike tanks. They are, however, expected to become 
available once ARP operations are discontinued, and the intent is to transfer batches of waste 
from Tank 48H to the 241-96H stainless steel tanks for organics treatment via the CCPO 
process.   

Increased waste volume (Item B) after organics destruction treatment remains an issue if an 
acidic processing environment is used. However, the ability to process under an alkaline 
environment [6] provides a viable augmentation to the traditional iron-catalyzed Fenton’s 
process, and has the potential to lessen waste volume increases associated with acidic 
processing. 
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A table‐top engineering evaluation of both direct vitrification [9] and chemical destruction [10] 
options was conducted as a “zero‐step” to further technology maturation, the recommendations 
of which proposed the chemical destruction option as the most viable alternative for successful 
technical and cost-effective maturation [11]. The CCPO is currently being developed within the 
framework of this TMP. 

3 CATALYZED-PEROXIDE OXIDATION TECHNOLOGY BACKGROUND 

Hydrogen peroxide (H2O2) is a strong oxidant with electrochemical oxidation potentials of 1.80 
and 0.87 volts at pH 0 and 14, respectively [12]. In 1894 H.J.H. Fenton studied the oxidation of 
tartaric acid (C4H6O6) by hydrogen peroxide and noted that its oxidation rate increased 
dramatically when ferrous ion (Fe2+) (in the form of a soluble ferrous salt) was added in 
conjunction with the hydrogen peroxide [13]. It was not until 1934, however, that the role of the 
ferrous ion in catalyzing the reaction via the formation of hydroxyl radicals (OH) (powerful 
oxidants with a high propensity to degrade organic materials) was first realized [14]. Thenceforth 
the catalyzed peroxide oxidation process has been ubiquitously applied to organic destruction 
processes for industrial effluents including the treatment of textile wastewaters [15], reduction of 
polynuclear aromatic hydrocarbons in water [16], improvement in dewatering of activated sludge 
[17], removal of absorbable organically bound halogens (AOX) from pharmaceutical wastewater 
[18], treatment of brines [19], and treatment of paper pulp manufacturing effluents [20]. 
Catalyzed peroxide oxidation is also extensively used for in-situ remediation of contaminated 
soils [21] whereby the reagent is pumped directly into the soil. The advantage of the peroxide 
oxidation with respect to in-situ soil remediation is the fact that excess reagent decomposes to 
environmentally benign products, water and oxygen. 

Iron-catalyzed peroxide oxidation of organic compounds at low pH is generally referred to as a 
“Fenton’s process.” The CCPO process in non-acidic environments and/or with a non-iron 
transition metal catalyst (under consideration in this TMP) is typically termed a “modified 
Fenton’s process”. 

3.1 Basic Chemistry of Catalyzed Peroxide Oxidation 

The basic chemistry for the formation of hydroxyl radicals and their destruction of organics is 
illustrated in the subsequent text with specific reference to the more ubiquitously studied 
Fenton’s reagent chemistry (and the use of a ferrous ion catalyst). The corresponding chemistry 
utilizing a copper catalyst is less well understood, particularly in terms of the initial mechanism 
for hydroxyl radical formation, though potential roles of copper in enhancing the Fenton’s type 
reaction are discussed elsewhere  [22]. In general, however, reactions subsequent to hydroxyl 
radical formation (Reactions 3-4 and 3-5) are considered applicable to peroxide oxidation 
processes utilizing catalysts other than iron. The primary advantage of the copper catalyst in 
comparison to iron is its ability to promote the decomposition of TPB in alkaline environments 
[6]. The more traditionally used iron-catalyzed Fenton’s process typically requires acidic 
conditions (pH < 5) [7] to achieve high destruction efficiencies of TPB. 
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The reaction scheme for hydroxyl radical formation via hydrogen peroxide catalysis is: 

Fe2+  +  H2O2    Fe3+  +  OH¯  +  OH   (3-1) 

During hydroxyl radical creation, the soluble Fe2+ is oxidized to insoluble ferric ion (Fe3+), which 
may precipitate as iron hydroxide (Fe(OH)3), and thereafter provides no subsequent benefit to 
the reaction. If, however, the pH is less than 5, the ferric ion can be reconverted to the ferrous 
ion, per the reactions shown below [7], and the ferrous ion remains in solution to continue 
formation of the hydroxyl radicals.  

Fe3+  +  H2O2    Fe2+  +  H+  +  OOH   (3-2) 

Fe3+  +  OOH    Fe2+  +   H+  +  O2    (3-3) 

OOH is termed the perhydroxyl (or hydroperoxyl) radical and is a weaker oxidizer than un-
catalyzed hydrogen peroxide. As such this component does not directly aid the destruction of 
organics, but per Reaction 3-3 it can react to regenerate ferrous ions which in turn stimulate 
further reaction with hydrogen peroxide to produce more hydroxyl radicals.  

The hydroxyl radicals subsequently oxidize organic compounds by hydrogen abstraction 
(Reaction 3-4) or by oxygen addition (Reaction 3-5) both of which form organic radicals which 
are highly reactive and can be further oxidized [7]. 

RH  +  OH    R  +  H2O     (3-4) 

R=R  +  OH    R-ROH     (3-5) 

3.2 Typical Reaction Products  

Under optimized peroxide oxidation processing conditions (pH, temperature, and sufficient 
catalyst and hydrogen peroxide to facilitate reaction completion) the organics can be 
predominantly converted to carbon dioxide (CO2), water (H2O), and other potential small 
chained carbon anions (such as oxalate [C2O4

2-] and formate [HCOO-]). The general reaction for 
a stoichiometric ratio of hydrogen peroxide/TPB is shown below though the self-decomposition 
of hydrogen peroxide (discussed in the latter text) necessitates a greater than stoichiometric 
hydrogen peroxide/TPB ratio: 

(C6H5)4B
-  +  60H2O2    24CO2  +  70H2O  +  BO2

-    (3-6) 

A significant number of oxidized organics will be formed as intermediates (or final products for 
incomplete reactions) during the conversion process due to the indiscriminate mode by which 
hydroxyl radicals oxidize organic compounds, and the subsequent number of potential reaction 
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pathways available. Some of these compounds may be undesirable as is the case with the 
formation of volatile organic compounds (VOCs), like benzene, which can evaporate into the 
vapor space of the processing tank causing flammability concerns. Benzene, phenol (C6H5OH) 
and biphenyl ([C6H5]2) are likely early intermediate breakdown products during peroxide 
oxidation of TPB. Further oxidation of the organic intermediates will lead to production of 
oxidized species, such as alcohols (R-OH), carbonyl (C=O) compounds, carboxylic acids (R-
COOH) and organic peroxides (ROOR′), with many of the intermediates likely to contain multiple 
functional groups [23].  

An important distinction between copper- and iron-catalyzed reactions is that copper also 
promotes organics decomposition via hydrolysis reactions. Copper-catalyzed hydrolysis has 
been considered for the destruction of sodium tetraphenylborate (NaTPB) in Tank 49H 
(Reaction 3-7) [24], and KTPB in the DWPF Salt Processing Cell (SPC) prior to waste 
vitrification [25-26]. Copper-catalyzed hydrolysis has also been utilized in the destruction of TPB 
decomposition products including triphenylborane (3PB or (C6H5)3B), diphenylborinic acid (2PB 
or (C6H5)2BOH), and phenylboronic acid (1PB or C6H5B(OH)2) [27].  

Na(C6H5)4B  +  2H2O    4C6H6  +  NaBO2      (3-7) 

However, unlike peroxide oxidation, the hydrolysis reaction does not fully decompose TPB to 
carbon dioxide and water. The intermediates listed previously for the peroxide oxidation 
reaction, such as benzene, phenol, and biphenyl, tend to constitute the final reaction products 
for copper-catalyzed hydrolysis [27]. The copper-catalyzed decomposition of TPB occurs by a 
combination of hydrolysis and hydroxyl radical oxidation reactions, and the extent to which each 
of these reactions occurs likely depends on pH, temperature, and other factors that directly 
affect hydroxyl radical formation.  

Additional reaction products of peroxide oxidation include oxygen and water due to the 
aforementioned self-decomposition of hydrogen peroxide per the reaction below:  

H2O2    H2O  +  ½ O2       (3-8) 

The decomposition of hydrogen peroxide is thermodynamically favorable (heat of decomposition 
at 25 °C [50 wt% H2O2] = 95.4 kJ/mol [28]), and the proportion of peroxide that decomposes 
roughly doubles for each 10 °C increase above room temperature [29]. At higher pHs, the 
stability of hydrogen peroxide deteriorates very rapidly [29]. Since the Tank 48 waste has a 
nitrite (NO2

-) molarity of approximately 0.5M [2] there is also the possibility of consuming 
hydrogen peroxide through nitrite oxidation per Reaction 3-9: 

H2O2  +  NO2
-    H2O  +  NO3

-      (3-9) 
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3.3 Application of Peroxide Oxidation for the Treatment of Nuclear Waste 

A number of investigations have been conducted to assess the applicability of catalyzed 
peroxide oxidation for the destruction of organics contained in nuclear waste. Data from 
laboratory- and bench-scale (10 liter reactor volume) tests utilizing an iron catalyst to treat both 
simulant and actual waste slurries (containing ion-exchange resins) from three underground 
storage tanks at the Oak Ridge National Laboratory (ORNL) has been reported [30]. The 
reaction with the resins required a dilute acidic solution (pH = 3-5) and temperatures (T = 60-
100 °C). The ion-exchange resin was oxidized to carbon dioxide and inorganic salts. Small 
amounts (<3 vol%) of carbon monoxide (CO) were also generated in addition to trace quantities 
of VOCs from the bench-scale tests. Maximum VOC concentrations measured were 48 ppm 
diethylbenzene (C6H4[C2H5]2), 40 ppm acetone ([CH3]2CO), and 21 ppm benzene, with a 
maximum total VOC concentration of 122 ppm. Treatment times of 10 hours or less were 
typically required to reduce the organics content below specified waste acceptance requirement 
limits. 

With respect to investigations related specifically to the destruction of TPB, Table 1 provides a 
summary of test results from four relevant studies. The summary data includes reaction 
conditions, TPB destruction efficiencies, and by-product, and off-gas constituents. In particular, 
details included in the table relate to those process conditions that resulted in the highest TPB 
destruction efficiencies. Additional details regarding the supplementary scope and findings of 
each of the studies are provided in the subsequent text. 
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Table 1: Historical data for TPB destruction 

Experimental Conditions Results Year / Document # / Reference 

 Waste: T48 simulant (500 mL) 
 Catalyst Type: Cu or 50/50 wt% 

Cu-Fe  
 Catalyst conc.: 200 mg/L Cu or 

200 mg/L Cu + 200 mg/L Fe 
 Oxidant: 50 wt% H2O2  
 Target pH:  

1. Adjust to 7.5 after catalyst 
addition (using nitric acid 
(HNO3)) 

2. Adjust to 3.5 after H2O2 
addition (using HNO3) 

 Temperature: boiling  

 TPB destruction >98.5% (TPB < detection 
limit) 

 Decomposition Products: 
 2PB, 1PB and C6H5OH < 

detection limits 
 Off-gas:  

 Approximately equal proportions 
of C6H6 and CO2, C6H6, CO2,  

 C6H6 evolved during initial 2 hours 
of testing  

 Other off-gas constituents  NOx, 
O2, (C6H5)2 
 

 2003 
 ORNL/TM-2003/262 [31] 

 Waste: T48 simulant (100 mL) 
 Catalysts: Cu or 50/50 wt% Cu-Fe 
 Catalyst conc.: 200 mg/L Cu or 

200 mg/L Cu + 200 mg/L Fe 
 Oxidant: 50 wt% H2O2  
 Target pH:  

1. Adjust to 7.5 after catalyst 
addition (using HNO3) 

2. Adjust to 3.5 after H2O2 
addition (using HNO3) 

 Temperature: boiling  

 

 <1000 ppm total organic carbon (TOC) in 
product (TOC destruction >90%) 

 Decomposition product and off-gas 
analyses not performed 

 

 2004 
 WSRC-RP-2004-00240 [23] 

 Waste: T48 simulant (500 mL) 
 Catalyst type: Fe 
 Catalyst conc.: 500 mg/L 
 Oxidant: 50 wt% H2O2  
 Target pH: 7 (using HNO3)  
 Temperature: 45 °C  

 

 TPB destruction >88%  
 Decomposition Products: 

 2PB, 1PB and C6H5OH < 
detection limits 

 Off-gas analyses not performed 
 

 2003 
 WSRC-TR-2003-00365 [32] 

 Waste: T48 simulant (600 mL) 
 Catalyst type: Cu 
 Catalyst conc.: 500 mg/L 
 Oxidant: 30 wt% H2O2  
 Target pH: 11 (using HNO3)  
 Temperature: heated to 35, 45, 

55, and 75 °C after catalyst 
addition 
 

 TPB destruction >99.8%  
 Decomposition Products: 

 (C6H5)2(C6H4),  (C6H5)2(C6H4)2,  
(C6H5OH)N(CH3), HCOO-, and 
C2O4

2-  
 Off-gas:  

 C6H6 <25% lower flammability limit 
(LFL) 

 Off-gas not analyzed for CO2  

 2004 
 WSRC-TR-2005-00114 [6] 
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Another ORNL study [31] investigated the use of the catalyzed peroxide oxidation reaction 
specifically for the treatment of TPB contained in SRS Tank 48H waste. Both mixed copper-iron 
and copper-only catalysts were tested. Tests were performed on a laboratory-scale in an acidic 
environment (pH 3.5) and with the simulant heated to boiling. The process exhibited >98.5% 
organics removal. It was, however, determined that approximately equal fractions of the TPB 
were converted to benzene and carbon dioxide with  the majority of the benzene being detected 
during the initial stages of processing (0-2 hours). It is suspected that the benzene was 
generated by hydrolysis of the TPB which as previously discussed is known to occur in the 
presence of copper [24-27].  

The use of copper and iron-based catalysts under acidic reaction conditions for peroxide 
oxidation of Tank 48H simulant has also been reported [23]. Experiments were conducted at 
laboratory-scale (with the simulant heated to boiling) and established the effects of catalyst type 
and reaction pH on post-reaction total organic carbon (TOC) compound levels. Various catalyst 
types including 50/50 wt% copper-iron, copper-only, and iron-only catalysts were tested. The 
effects of pH control after addition of the catalyst (and prior to hydrogen peroxide addition) were 
also assessed. Effects of the catalyst type were indeterminate, and TOC conversions of >90% 
were achieved whichever catalyst system was employed. In contrast, pH control was shown to 
be a significant process variable. The optimal control regime required an initial pH adjustment 
close to neutral conditions (pH ~ 7.5) after addition of the catalyst, a subsequent period of 
oxidation under these conditions, and then a second pH adjustment to around 3.5 for further 
oxidation. Adjustment to mild acid conditions is normal for the Fenton’s reaction though it is 
apparent that extensive hydrolysis of the TPB to benzene and other products can occur if this 
adjustment is made immediately after catalyst addition. The intermediate neutralization phase 
serves to inhibit the hydrolysis reaction. For comparison TOC conversions for a 50/50 copper-
iron catalyst with and without pH adjustment to 7.5 after catalyst addition were recorded at 
>90% and <50%, respectively. 

Application of non-acidic environments to facilitate a Fenton’s type reaction (at 45 °C) has also 
been investigated [32]. Two catalysts, iron and Tetra-Amido-Macrocyclic-Ligand (TAML®) were 
considered at pH 7 and pH 11, respectively. The highest TPB conversion of 88% was realized 
for the iron-catalyzed reaction (at pH 7) though significantly greater than stoichiometric 
proportions of hydrogen peroxide were required to achieve the indicated level of TPB 
decomposition. In contrast, the maximum TPB conversion exhibited for the TAML®-catalyzed 
reaction (at pH 11 and identical hydrogen peroxide proportions) was 68%. 

The investigation which serves as the precursor to the technical maturation of the CCPO 
process utilized copper-only catalysts at non-acidic pH 11 and pH 14 [6]. For this study a 
temperature regime incorporating hold times at 35, 45, 55, and ultimately 75 °C was employed. 
The analyses also sought to identify intermediate and final decomposition products, and 
quantify the proportions of these products. The following summarizes the general results for the 
two alkaline environments analyzed: 
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pH 14 – these experiments resulted in a slow TPB decomposition rate (approximately 15% 
decomposition in 9 weeks), and as such peroxide oxidation at pH 14 is not considered a 
viable option for organics treatment of the Tank 48H waste.  

pH 11 – these experiments led to near-complete (i.e., > 99.8%) TPB decomposition in 
approximately 3 weeks while providing complete oxidation of TPB decomposition by-
products, including benzene. The benzene concentration in the vapor space or off-gas was 
measured at below 25% of the lower flammability limit (LFL) throughout testing.  

As part of the FY2012 maturation strategy for the CCPO process, laboratory-scale 
investigations were performed [33] in order to (1) verify the results from the 2004 experiments 
[6], and (2) to consider processing optimization. A summary of the results from this study is 
provided in Section 6. 

4 LIFE-CYCLE BENEFIT 

The chemistry of the Tank 48H material poses a challenge to the salt and sludge processing 
facilities within the liquid waste system. Therefore, destruction of the organics prior to 
permanent disposition is fundamental to the liquid waste life-cycle completion. 

There are a number of significant benefits with the planned approach for chemical destruction in 
the 241-96H strike tanks including [10]: 

 The use of existing infrastructure with minimal modifications to support systems, 

 The processing of Tank 48H waste can occur concurrently with salt processing which 
should negate or minimize potential extensions to the high-level waste (HLW) system 
life cycle, 

 The chemical destruction process will utilize a safety strategy similar to that currently 
adopted for Tank 48H. 

In addition, the chemical destruction technology maturation process in Building 241‐96H will be 
able to leverage the significant development efforts associated with the FBSR project, which 
was intended to be deployed in 241‐96H. Relevant information includes, for example: (1) waste 
characterization and Tank 48 infrastructure; (2) safety analyses; (3) permitting documentation; 
(4) shielding calculations; and (5) civil/structural evaluation of 241‐96H. Several aspects of the 
design changes proposed for FBSR, such as design modifications to the 241-96H strike tanks, 
valve box modifications, and the Tank 48 transfer pump, are available for use with the chemical 
destruction option [34].  

Other life-cycle benefits result from the planned technology maturation approach discussed in 
the subsequent sections of this report. Methodical evaluation of all systems in the peroxide 
oxidation process ensures that: 
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 Overall project costs are minimized by resolving technology maturity issues and 
avoiding engineering re-work and potential delays in peroxide oxidation commissioning, 

 The peroxide oxidation process design will achieve program mission operating 
requirements by the assessment of technology readiness and the completion of 
required technology maturation activities. 

Technology maturation costs are typically small in comparison to impacts from design re-work 
and potential delays in the operating schedule of the peroxide oxidation process.  The TRA 
process is also designed to ensure that future performance issues associated with the 
technology systems are identified and resolved before operations commence. 

5 IDENTIFICATION OF CRITICAL TECHNOLOGY ELEMENTS 

A TE is deemed critical if the system being developed depends on this TE to meet operational 
requirements AND if the TE (or its application) is either new or novel. The peroxide oxidation 
process for treatment of the TPB (from Tank 48H waste) in the 241-96H strike tanks has been 
divided into five TEs (or process sub-systems) which are depicted in the process diagram of 
Figure 1. 

DOE TRA Guide [1] provides a series of questions for determining whether a TE should be 
designated a CTE. These questions are presented in Table 2. For a technology to be critical, 
the answer to one of the questions in BOTH sets of criteria should be answered “yes”. Of the 
five TEs only the reaction process (including the reaction vessel) has been determined to be a 
CTE. Rationale for a CTE or non-CTE designation for each TE is presented in subsequent text.  
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Figure 1: CCPO process schematic
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5.1 TE1 – Reaction Process and Vessel 

The reaction process comprises both the chemical reaction and the reaction containment vessel 
(including the currently available waste mixing and cooling capabilities for the vessel). The safe, 
consistent and effective application of CCPO reaction is essential to realize successful 
demonstration and potential implementation of the proposed TPB chemical destruction 
technology. The viability of the CCPO process has been recently assessed on a laboratory-
scale with waste simulant [33] to both verify the results from the 2004 study [6] and to optimize 
the CCPO process. The available results from these investigations support the viability of the 
process with respect to TPB destruction and are discussed in detail in Section 6. Subsequent 
(near-term) maturation activities should include confirmation of the simulant results using real 
waste, and demonstration of the CCPO process at an engineering-scale in terms of 
performance, consistency, and safety. The reaction process is designated a CTE given the 
obvious impact that it has on the overall viability of the chemical destruction process. 

The stainless steel tanks in 241-96H, currently used as the MST strike tanks for ARP, will 
operate as reaction vessels for the CCPO process. The tanks are constructed from 304L 
stainless steel which exhibits excellent corrosion resistance in both acidic and caustic 
environments [35]. Agitation in the tanks will be required to (1) provide adequate mixing to 
optimize interaction of the reactants and provide uniform heat transfer in the solution, and (2) 
maintain insoluble solids suspension to ensure the post-reaction transfer of the sludge particles 
out of the tanks. Modeling analysis [36] has been performed for a proposed impeller design for 
the tanks, and demonstrated that the impeller provides sufficient high velocity zones to mix a 
tank containing solids similar to sludge particles. However, the modeling was performed to 
specifically assess the mixing of salt waste and MST to facilitate the adsorption process 
between the MST and any actinides in the salt waste. Potential differences in the rheological, 
physical, and chemical properties for the salt/MST waste mixture and the Tank 48 waste may 
necessitate remodeling of the mixing characteristics of the agitator. Additionally, engineering-
scale testing will be required to optimize mixing speed to facilitate efficient organic destruction 
whilst also ensuring the insoluble solids remain in suspension.  

An optimized mixing strategy may be required to limit the formation of foam during waste slurry 
mixing. Foam formation is due to TPB precipitates and their propensity to envelope gas bubbles 
in the waste slurry subsequently rising to the surface of the slurry. This phenomenon results in 
reduced TPB participation in the reaction process, and thus potentially reduced TPB conversion 
efficiencies. Studies have highlighted the successful use of IIT B52 anti-foam (a proprietary anti-
foam agent prepared by Illinois Institute of Technology) to suppress foam formation in 
laboratory-scale studies with simulated KTPB slurries [37-38]. The use of anti-foaming agents 
are considered the “first line of defense” in negating the formation of foam, and it is currently 
envisaged that existing mixing equipment in the MST strike tanks will be utilized with no 
required modifications other than mode of operation. However, the degree of associated foam 
formation with the peroxide oxidation of real waste is unknown, and both the use of anti-foam 
and an optimized mixing strategy (including optimizing impeller design) may be required.  
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It is probable that the contents of CCPO reaction vessels will require heat input to optimize the 
chemical destruction reactions. For the FY2012 investigations [33] processing temperatures of 
35, 50, and 65 °C were considered. Preliminary data suggests that a temperature of 50 °C will 
likely be required to achieve the desired levels of organic destruction in a time frame that would 
not adversely impact the Liquid Waste System Plan. It has not been established if the currently 
installed cooling coils could also be utilized for heating the contents of the reaction vessel to the 
50 °C temperature. A thermal analysis will be required to determine the maximum achievable 
temperature in the reaction vessel by passing a heated medium through the cooling coils (while 
also accounting for reaction enthalpies in the vessel), and to subsequently establish if additional 
heating capabilities are required (for example, immersion heater, external heating jacket etc.). 

5.2 TE2 – Bulk Chemical Storage and Delivery System 

The peroxide oxidation of TPB will be directly impacted by the ability to feed reactants to the 
process, but the bulk chemical storage and delivery systems required are ubiquitously used in 
commercial applications, and neither new or novel. As such the bulk chemical storage and 
delivery system is designated non-CTE. 

The TPB chemical oxidation process will likely utilize the following 5 chemicals: 

i. 50 wt% nitric acid for pH control  
ii. Copper catalyst (copper nitrate – Cu(NO3)2)  
iii. 50 wt% hydrogen peroxide 
iv. Sodium hydroxide caustic (if necessary for pH control prior to transfer from CCPO 

reaction vessels to downstream facilities or tanks) 
v. IIT B52 anti-foaming agent (if necessary). 

Note that in the 2004 investigations [6] the copper catalyst was added in the form of copper 
sulfate though comparative testing between copper sulfate and nitrate, with respect to reaction 
kinetics and organics decomposition, has indicated no discernible differences [33]. Since sulfate 
has the potential to impact the quality of the vitrified glass [39] copper nitrate is the preferred 
form for the copper catalyst.  However, the use of copper nitrate introduces complex handling 
requirements.  The storage and handling of copper nitrate will necessitate engineering and 
administrative protocols that prevent contact with combustible materials, due to its potential 
ignitability and flammability impacts. Storage and handling requirements are specified by the 
Material Safety Data Sheet (MSDS) for copper nitrate [40].  

Hydrogen peroxide also has specific handling requirements. The following list highlights some of 
the potential hazards of hydrogen peroxide if not stored and handled properly [28-29]: 

 Decomposition of hydrogen peroxide generates heat and gas which can result in rapid 
pressure build-up leading to pressure bursts of inadequately vented containers. 

 Decomposition of hydrogen peroxide can generate sufficient heat and oxygen to initiate 
combustion of ignitable materials. 
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 Oxygen enrichment of hydrocarbon vapors resulting from the decomposition of hydrogen 
peroxide can result in vapor phase explosions. 

 Hydrogen peroxide can form explosive mixtures with some organic substances. 

While hydrogen peroxide has not been utilized at SRS in bulk quantities its safe storage and 
handling is standard practice, and subject to standard safety protocols and analyses within the 
chemical industry [29].  

Bulk storage and handling/delivery of caustic and acidic components are routine operations at 
SRS. A storage volume estimate [41] has been developed for the CCPO process chemicals 
based on simultaneous 3100 gallon transfers of Tank 48 waste to each CCPO reaction vessel. 
The minimum chemical storage volumes are provided in Table 3. 

Table 3: Minimum CCPO process chemical storage capacity 

Process Additive (Solution) 
Minimum Vessel 

Capacity (gallons) 

50 wt. % Nitric Acid 1725 

Copper Nitrate 10 

50 wt. % Hydrogen Peroxide 4000 

 50 wt.% Sodium Hydroxide 1000 

5.3 TE3 – Reaction Monitoring and Control Systems 

Reaction and monitoring control is an essential sub-system of the chemical destruction process, 
Monitoring and control systems are ubiquitously utilized for SRS waste processing operations to 
control reaction rate, efficiency and safety, and are therefore designated as non-CTEs. 
Monitoring equipment will likely encompass off-gas analyzers, temperature sensors, pH 
sensors, and foam indicators that will provide feedback with respect to reaction status and 
reaction anomalies. Laboratory-scale testing is being performed to determine which process 
conditions can be readily measured and subsequently utilized to provide feedback on reaction 
status. For example, detection of higher than atmospheric baseline concentrations of carbon 
dioxide in the off-gas is evidence of progression of the oxidation reaction; in contrast a decline in 
carbon dioxide concentration and concurrent increase in oxygen concentration might be 
indicative that the reaction is nearing its end-point since the hydrogen peroxide is undergoing 
auto-decomposition rather than oxidizing the organic components of the waste. Monitoring of 
key process parameters, like off-gas composition, may ultimately be used to ensure the reaction 
progresses in a safe, predictable, and efficient manner. Specific off-gas data available from the 
laboratory-scale tests [33] is discussed in Section 6, and additionally in Section 5.4 with specific 
reference to potential flammability concerns. 
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5.4 TE4 – Ventilation and Inerting Systems 

The ability to vent, and potentially inert, the vapor space in the 241-96H strike tanks are 
essential system features required to ensure the safe operation of the chemical destruction 
process. Technology related to radioactive waste tank ventilation and inerting systems are 
extensively utilized at SRS. As such the design and operation of such systems is expected to be 
consistent with currently utilized SRS technologies. Consequently, these systems are 
designated non-CTE.  

The MST strike tanks in 241-96H currently incorporate Process Vessel Ventilation (PVV) 
systems that provide continuous negative ventilation to remove flammable vapors and assist in 
minimizing contamination. The vessels do not, however, incorporate an inerting system, and a 
design modification of the 241-96H strike tanks may be required to enable the introduction of an 
inert gas into the tanks to facilitate minimum oxygen content (MOC) control to prevent 
flammability [42].  

Preliminary off-gas data from the FY2012 laboratory-scale testing indicates significant benzene 
generation (in addition to carbon dioxide) associated with pH adjustment which occurs in the 
first 24 hours of processing. The off-gas data is discussed in Section 6.1 and illustrated in 
Figure 4. It is acknowledged that the production of substantial amounts of benzene can 
adversely impact the safe operation of the CCPO process. However, it is envisaged that further 
process optimization will prevent or significantly reduce both the peak and cumulative 
production of benzene. Proposed experimentation to reduce benzene generation is discussed in 
Section 6.1.3.  

Whilst the ultimate goal is to prevent or minimize benzene production, a preliminary (draft) 
calculation [43] based on the FY2012 off-gas data [33] indicates that the cumulative release of 
benzene during the first 24 hours could potentially necessitate a flow rate of approximately 315 
scfm through the reaction vessel head space to ensure the benzene generated remains at < 
25% LFL. This is the combustible concentration limit (not requiring automatic instrumentation 
with safety locks) specified by National Fire Protection Association (NFPA) 69 [44]. The 
currently installed PVV system is controlled to provide a total flow rate of 100 scfm per vessel 
[45]. As such, fans with higher flow capacities may be required to provide the indicated flow rate 
of 315 scfm per vessel. 

NFPA also stipulates that the concentration of combustible gases could potentially be increased 
to 60% LFL if automatic instrumentation with safety locks is provided. Alternatively, MOC control 
utilizing, for example, a nitrogen inerting gas may be employed to negate issues of flammability 
in the reaction vessel head space.   

5.5 TE5 – Waste Transfer System 

Waste transfers in and out of the waste tanks are an integral part of SRS operations [46] and 
both Tank 48H and the strike tanks in 241-96H currently incorporate systems that will be utilized 
for the blending and transfer of the waste. Potential upgrades may be required for these 
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systems. Design modifications to 241-96H strike tank cell piping and and valve box re-piping 
were previously considered for waste transfers from Tank 48H to the 241-96H strike tanks prior 
to treatment via FBSR [34], and the proposed changes would be equally applicable to proposed 
chemical destruction technology route.  

The treatment of waste will be via a batch process, and prior to transfer of the untreated waste 
from Tank 48H it will be agitated using up to four currently installed dual-nozzle slurry pumps to 
ensure a relatively homogeneous discharge stream. A well-mixed Tank 48H waste stream 
contains approximately 3.26 wt% insoluble solids [47]. A recent study [48] demonstrated 
operation of 3 or 4 slurry pumps satisfies solid suspension requirements with less than 30% 
variation in solids concentration between the main tank volume and the transfer pump inlet. 
However, the study did not assess the impact of cooling coils in Tank 48H on slurry pump 
operation. Another mixing study [49] for Tank 50H assessed the effects of coiling coils on 
blending the tank contents, and concluded that the inclusion of coiling coils effectively doubled 
the waste blending time. An extension of the analysis performed in the Tank 48H mixing 
simulation [48] will be required to determine the effects of the coiling coils on blending the 
material in Tank 48H. Such a study would, however, be related to the operation of the existing 
pumps in terms of velocity and time, and no slurry mixing pump development, upgrades, or 
replacements are likely.  

Once mixed, the waste in Tank 48H will be pumped to the tanks in 241-96-H through a 
combination of existing [50], and newly installed, transfer lines. Solids may still settle during 
actual transfer through the piping system. However, empirical data [51] indicates that 
inconsequential settling of the insoluble solids in Tank 48H waste is observed during the first 
hour of stagnation. In addition, testing has demonstrated that it takes between 2 hours to one 
day for the largest particles, KTPB solid, in a stagnant tank fluid to be settled down to the tank 
floor [52]. The settling time during transfer will likely be longer than the 2 hour stagnant settling 
time due to waste motion. However, it is imperative to assess the transfer line for potential areas 
of stagnation or non-turbulent flow to prevent solids settling and cumulative long-term build-up.  

The impact of benzene concentration in the transfer piping was also considered. While potential 
benzene release in Tank 48H during slurry mixing, and the subsequent concentration of 
benzene in the tank vapor space, can be managed using gas ventilation and purging systems to 
prevent benzene levels exceeding the LFL, this is not the case for the transfer pipes. 
Consequently concerns exist with respect to benzene levels potentially exceeding LFL 
concentrations in the transfer lines. However, empirical data indicates that the benzene 
concentration in the Tank 48H vapor space will remain below 5% of its LFL while operating the 
slurry pumps for waste transfers out of Tank 48H without the need for tank inerting operations 
[53]. As such the concentrations of benzene would not be expected to exceed the LFL in the 
transfer line piping. 

Once treated, the waste will be transferred from the strike tanks in 241-96-H through H-Area 
Diversion Box (HDB) 7 to a designated receipt tank. Of particular significance with respect to the 
treated waste are the potential impacts it will have on downstream transfer lines, tanks, facilities, 



Technology Maturation Plan: Small Tank Catalyzed Peroxide SRR-CES-2011-00066 
Oxidation of Tank 48H Tetraphenylborate Revision 1 
 August 2012 

 

Page 24 of 81 

and processes. Downstream impacts have received preliminary consideration as part of a flow-
sheet options analysis for the CCPO-processed waste [54]. The findings from this study are 
discussed in Section 6. A more rigorous assessment of downstream impacts is anticipated in 
Phase 2 of the maturation strategy (see Section 8 and Figure 4). 

There is the potential that more significant development activities may be required for these 
(and other yet to be determined) systems, and that a current designation of non-CTE will be 
modified to CTE. Changes to non-CTE designations will be updated in future revisions of this 
TMP as deemed appropriate. 

6 FY2012 TECHNOLOGY MATURATION ACTIVITIES  

TEs that are designated as CTEs (i.e., the CCPO process) are subject to a rigorous 
development process (as detailed in Reference 1) which is used to establish the current level of 
maturity of a given CTE and subsequently determine the developmental requirements to 
progress the technology to a higher level of maturity. This process is detailed in Sections 7 and 
8.  

A number of critical activities [55] were identified for completion in FY2012 with the intent of 
utilizing the combined results from these activities to assess the viability of the CCPO process, 
and to subsequently determine if the technology warranted further development. The following 
activities detailed in the section have been completed, or their findings sufficiently developed to 
warrant inclusion in this report.  

6.1 Laboratory-Scale Simulant Testing 

A study was initiated in FY2012 to verify the results from the 2004 experiments [6], and to 
further optimize the process in terms of the following process attributes: 

i. Complete (or Near-Complete) Organic Destruction – the required level of organic 
destruction is dictated by the destination of the treated waste and the organic limits 
imposed on a particular transfer destination. A flow-sheet options report has been 
developed [54] to assess various transfer options for the CCPO-processed waste, and to 
determine whether the treated waste meets feed composition requirements with respect 
to allowable levels of chemical (including organic species) and radioactive constituents.  

ii. Repeatable and Predictable Levels of Organic Destruction – it is necessary to develop a 
process with a sufficiently robust operating envelope that provides both repeatable and 
predictable levels of organic destruction.  

iii. Enhanced Reaction Kinetics – improving the reaction kinetics (while maintaining safe 
operation) will enable completion of the Tank 48 clean up within the currently devised 
Liquid Waste System Plan [56]. 
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iv. Minimized Chemical Addition – the CCPO process involves the addition of nitric acid, 
copper catalyst, hydrogen peroxide, and potentially both anti-foam and sodium 
hydroxide. It is desirable to limit the proportion of chemicals added to the waste to 
minimize potential downstream impacts. For example, there is a limit on the amount of 
copper that can be incorporated into vitrified glass, and thus the goal would be to 
minimize the proportion of catalyst required without significantly impacting the reaction 
kinetics or level of organic destruction. 

v. Minimized Waste Volume – the 2004 study indicated a volume increase of 183% [6] due 
to the addition of the various reactants and catalysts. It is advantageous with respect to 
both processing life-cycle and cost to minimize the volume of waste that must 
subsequently be dispositioned as Saltstone grout or vitrified glass. 

vi. Minimized VOCs – VOCs, most notably benzene, derived from degradation of the TPB, 
can volatilize to produce a flammable mixture in the vapor space of the reaction vessel. 
Minimizing the formation of the benzene will reduce both the risks associated with its 
flammability and the control requirements to manage the vapor space. 

vii. Minimized Reaction Temperature – the 2004 study [6] ultimately utilized a temperature 
of 75 °C to achieve a TPB destruction >99.8%. However, it is recognized that lower 
process temperatures yield benefits in terms of reducing system complexity, operation 
costs, and safety. Thus the goal is to promote the reaction at the lowest achievable 
temperature while maintaining the required reaction kinetics and level of organic 
destruction. The CCPO reaction vessels (MST strike tanks) do not have a dedicated 
heating capability and the current intent is to utilize the coiling coils for heating also. A 
thermal calculation will be required to determine the maximum achievable temperature in 
the reaction vessel by passing a heated medium through the cooling coils.  

viii. Minimized Hazardous Emissions – with respect to environmental emission compliance it 
is desirable to minimize the proportion of hazardous emissions, such as benzene and 
mercury. It may be possible to affect the off-gas composition by, for example, optimizing 
conditions for the peroxide oxidation reaction (at higher pH) as opposed to the hydrolysis 
reaction (at lower pH). It is believed that the latter results in higher benzene 
concentrations in the off-gas [24]. 

ix. Minimized MST Decomposition – a concern exists with the respect to degradation of the 
MST during CCPO-processing resulting in desorption and potential dissolution of the 
adsorbed fissile actinides. The preferred dispositioning route for fissile isotopes is 
through DWPF for incorporation into vitrified glass. This is achieved by filtering the MST 
from the waste stream and transferring to DWPF. If, however, the actinides are 
desorbed, and subsequently dissolved during the CCPO process, they will move forward 
as part of the liquid waste stream for processing at either the Salt Waste Processing 
Facility (SWPF) or SPF. If the filtrate is sent to SWPF it would be subjected to another 
MST strike and re-adsorption of the actinides would occur. If, however, the filtrate is sent 
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directly to SPF the fissile actinides would be dispositioned in grout and may potentially 
challenge or exceed the Saltstone Waste Acceptance Criteria (WAC) [57]. However, 
preliminary assessment has indicated that the fissile actinide components of the CCPO-
processed waste would be an order of magnitude lower than the WAC specified limits 
[54]. 

x. Minimized Production of Fouling By-Products – biphenyl and terphenyl compounds are 
decomposition products for TPB [32] and have the potential to foul equipment both in 
and downstream of the reaction vessel. Minimizing the formation of these compounds 
will reduce inspection and maintenance activities that would otherwise be required to 
assess and resolve potential fouling issues. 

6.1.1 2004 CCPO Process Verification 

The first FY2102 test essentially utilized the same processing conditions as the 2004 
investigations but was unable to repeat the high TPB destruction efficiencies demonstrated in 
the 2004 tests. The FY2012 test indicated a TPB destruction level of approximately 85% 
compared to >99.8% in 2004. Potential factors associated with the reduced destruction 
efficiencies for the verification test have not been identified although the 2004 test did include an 
initial several day hold at room temperature that was not incorporated into the FY2012 test due 
to the perceived slow reaction kinetics at this temperature. Results with respect to major organic 
species identified for each test are shown in Table 4. 

Table 4: Major organic constituents detected in 2004 CCPO test and 2012 verification test 

Test 
TPB 

Destruction 
(%) 

Determined by 
HPLC (mg/L) 

Determined by 
VOA (mg/L) 

Determined by 
SVOA (mg/L) 

2012 (DEMO 1) 84.2 

 
TPB: 2420 
3PB: <10 
2PB: <10 
1PB: <10 

Phenol: 10 
 

Benzene: 0.2 

Biphenyl: 760        
p-Terphenyl: 240     
o-Terphenyl: 3       
m-Terphenyl: 3 

2004 >99.8 

 
TPB: <10  
3PB: <10  
2PB: <10  
1PB: <10 

Phenol: 10 
 

Benzene: <0.05 p-Terphenyl: 11 

Note:  HPLC = High Performance Liquid Chromatography 
VOA = Volatile Organic Analysis 
SVOA = Semi-Volatile Organic Analysis 
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Consequently process optimization testing was initiated and demonstrated the viability of the 
CCPO process with respect to high TPB destruction efficiencies (>99.9%). Details of these 
optimization tests are provided in the following sections. 

6.1.2 FY2012 CCPO Process Optimization 

The following discussion summarizes major findings from the CCPO process optimization 
studies with respect to temperature, pH, copper catalyst loading, and hydrogen peroxide 
addition [33]. Appendix A also provides a tabulated summary of the experimental conditions for 
each test and pertinent results. Note that with respect to Appendix A (and the subsequent 
discussion) the time for 100% boron dissolution is utilized as a tentative indication of the 
reaction time to achieve 100% TPB degradation. 

i. Temperature – at 65 °C (and pH 11) >99.9% TPB destruction was achieved in less than 
24 hours compared to approximately 370 hours at 50 °C. Processing at 35 °C for 500 
hours achieved <51% TPB destruction. Higher processing temperatures also resulted in 
reduced amounts of VOCs, namely benzene, and semi-volatile organic compounds, 
such as biphenyl and terphenyl. Low benzene generation rates are advantageous with 
respect to minimizing impacts on environmental emissions and reaction vessel vapor 
space flammability.  Minimizing the semi-volatile organic species (in particular biphenyl 
and terphenyl) should reduce the propensity of fouling in, or downstream of, the reaction 
vessel. Even though processing at 65 °C significantly decreases processing time and 
results in fewer residual organics there are a number of potential issues with processing 
at this temperature: 

 It has not been established if the 65 °C temperature can be achieved in the 
reaction vessel utilizing the currently installed cooling coils as a means of 
heating. This is equally true for the 50 °C temperature, but in general 
lowering the process temperature will reduce both the complexity of the 
system and the degree of system modifications required. 

 Based on a TPB destruction time of <24 hours (at 65 °C) it is probable that 
the TPB was degraded by acid hydrolysis as opposed to peroxide oxidation 
since the 24 hour reaction period corresponds to significantly less than the 
stoichiometric requirement of hydrogen peroxide. Since benzene is the 
ultimate product of acid hydrolysis, processing at higher temperatures will 
likely yield greater proportions of benzene in the off-gas. 

 At higher temperatures the vapor pressure of both benzene and biphenyl 
increases. 

Given the issues highlighted above with respect to higher temperature processing, 
subsequent testing was limited to 50 °C since >99.9% TPB destruction could still be 
achieved at this temperature in a reasonable batch cycle time (370 hours). 
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ii. pH – lowering the reaction pH below 11 (at 50 °C) was found to play a significant role with 
respect to CCPO destruction efficiencies and kinetics. The aforementioned reaction time 
of 370 hours at 50 °C was decreased to approximately 120 hours and <24 hours by 
lowering the pH from 11 to 9 and 7, respectively. Once again the <24 hour processing time 
at pH 7 implies that the acid hydrolysis mechanism (and subsequent benzene formation) 
predominates. As such subsequent tests were limited to pH 9 (and 50 °C). In addition, 
processing at pH 9 resulted in the lowest proportion of residual organics, such as benzene 
and biphenyl (see Appendix A). 

iii. Copper Catalyst Loading – tests referred to in (i) and (ii) utilized 500 mg/L copper catalyst 
(added as a hydrated copper nitrate). One aim of the process optimization studies was to 
reduce the proportion of additive chemicals to minimize adverse impacts to downstream 
processing facilities. As such tests were conducted with 0, 100, and 500 mg/L of copper at 
50 °C and pH 9. With zero copper added approximately 81% TPB degradation was 
achieved in approximately 480 hours; this is in comparison to 98.5% (in approximately 400 
hours) and >99.9% (in approximately 120 hours) for 100 and 500 mg/L of copper, 
respectively. Clearly 100 mg/L is insufficient to produce the same level of TPB destruction 
in the same time-frame as the 500 mg/L loading. At the time of writing additional 
experiments were being conducted with intermediate copper loadings between 100 and 
500 mg/L.  

iv. Hydrogen Peroxide Addition Rate – tests were conducted to establish if adding hydrogen 
peroxide at faster rates enhanced reaction kinetics. 0.2, 0.4, and 1.0 mL/h addition rates 
(at 50 °C, pH 9, 500 mg/L copper) were considered. These rates are equivalent to 1, 2, 
and 5 gpm, respectively, for the full-scale process. Increasing the peroxide addition rate 
provided only marginal enhancement of reaction rate. However, two noticeable effects 
associated with increased peroxide addition rate were observed. Firstly, the proportion of 
residual organic compounds was reduced by at least an order of magnitude for the 1.0 
mL/h addition rate in comparison to the slower addition rates. At the highest peroxide 
addition rate the concentration of semi-volatile organic compounds was measured at 8 
mg/L compared to 192 mg/L for the slowest addition rate. While low proportions of residual 
organic compounds are desirable the higher peroxide addition results in increased waste 
volume without significantly enhanced reaction rate or TPB destruction. Secondly, the 
highest peroxide addition rate (1.0 mL/h) resulted in higher concentrations of soluble 
titanium (60 mg/L is equivalent to approximately 10% of the available titanium as MST) 
which implies degradation of the MST and potential desorption of the fissile actinides. In 
contrast the concentration of soluble titanium at 0.2 and 0.4 mL/h peroxide addition rates 
were 10 and 20 mg/L, respectively. 

Based on initial tests, the following parameters were considered to provide optimum processing 
with respect to TPB destruction, residual organic content, processing time, waste volume 
increase, and MST degradation: 
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 Temperature: 50 °C 
 pH: 9 
 Copper catalyst loading: 500 mg/L 
 Hydrogen peroxide addition rate: 0.4 mL/h (for 500 mL simulant). 

Another important aspect of the laboratory-scale tests was to establish process consistency. At 
the time of writing, a number of duplicate tests were being performed utilizing the parameter set 
indicated above. Preliminary indications are that the process is capable of consistently attaining 
>99.9% TPB destruction though the reaction time may vary marginally.  

The off-gas was also analyzed for selected experiments. Figure 2 (including inset figure of the 
initial 30 hours of processing) illustrates off-gas data for an experiment (DEMO 2 in Appendix A) 
utilizing the optimized set of parameters indicated previously. The data has been adjusted for a 
waste batch of 3100 gallons (from the 500 mL laboratory-scale waste volume) [43]. Pertinent 
details of the data include the following: 

a. During acid addition (at room temperature) carbon dioxide is released. The initial 
formation of carbon dioxide spikes in the first 10 hours and its presence is 
assumed to be due to the reaction of the nitric acid with carbonate anions 
contained in the Tank 48 waste.  

b. After heating to the reaction temperature of 50 °C, with almost concurrent 
initiation of the hydrogen peroxide/catalyst addition, significant benzene release 
occurs for approximately 24 hours. The current assumption is that the benzene 
is formed during acidification (as anticipated via an acid hydrolysis reaction), but 
remains in the waste slurry solution either as a liquid or entrapped gas. Upon 
heating to 50 °C the benzene liquid volatilizes and the entrapped benzene gas is 
released. The relevance of benzene in the off-gas with respect to vapor space 
flammability was previously discussed in Section 5.4. 

c. The concentration of benzene in the off-gas essentially falls to zero after 30 
hours of processing. 

d. Following the initial carbon dioxide spike, the rate of evolution of carbon dioxide 
gradually increases up to approximately 100 hours of processing after which a 
slow decline in generation rate is apparent. Carbon dioxide formed after the 
initial spike (associated with acidification) is assumed to be the result of gradual 
destruction of TPB and its decomposition products. 
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Figure 2: Off-gas data for CCPO process (SRNL data adjusted to 3100 gallon waste batch)  

6.1.3 Proposed Near-Term Experimentation 

Whilst the CCPO tests utilizing simulated Tank 48H waste have indicated excellent TPB 
destruction efficiencies and low levels of residual organics, such as biphenyl and terphenyl, a 
near-term requirement is validation of the process with real waste. In addition, the simulant tests 
have indicated significant generation of benzene due to the acid hydrolysis reaction that occurs 
during pH adjustment. It is not known if the indicated level of benzene formation will also occur 
with real waste since the dispersion of the TPB compounds is significantly different between the 
real and simulated wastes. In the simulant, the slurry maintains a mat of floating material which 
is subject to immediate contact with the nitric acid as it drops into the reaction vessel; in contrast 
the TPB solids are submerged in the real waste [33]. In the event that real waste testing 
confirms the formation of benzene, alternative processing methods would be explored to 
prevent or minimize benzene formation. For example, performing an intermediate acidification 
step whereby the system is held at a higher pH for a specified time prior to lowering to the final 
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pH has been shown to decrease the generation of benzene [23]. Other potential process 
modifications include the addition of the nitric acid over a longer time period to ensure the 
benzene generation rate remains below a specified level that is determined to be safe, or 
adjusting the pH with weaker acids. Acids, such as formic and phosphoric, are weaker than 
nitric acid, and while their addition will provide the necessary pH adjustment they do not readily 
promote acid hydrolysis.  
 

6.2 Flow-Sheet Options for CCPO-Processed Waste 

The primary intent of the flow-sheet options assessment [54] was to identify available flow-
sheets for permanent disposition of the CCPO-processed Tank 48 waste, and to subsequently 
determine the viability of each flow-sheet based on a comparative analysis between 
compositional limits of a given flow-sheet and the predicted CCPO-processed composition. For 
example, the choice of a particular flow-sheet is influenced by the level of organic destruction 
achieved by the CCPO process since both the TF and downstream processing facilities impose 
limits on volatile organics in the waste stream to protect flammability limits. It should be noted, 
however, that opportunities to blend the CCPO-processed waste prior to processing in a 
downstream facility will potentially reduce the required level of organic destruction. The flow-
sheet options considered were: 

Option 1 – transfer to a TF tank and blend with tank contents for future 
disposition at SPF or DWPF  

Option 2 – transfer (via Tank 50) for processing at SPF  

Option 3 – filter in the 512-S cross-flow filter and subsequent transfer of filtrate 
for processing at DWPF, and insoluble solids (via Tank 50) for processing at SPF  

Option 4 – transfer for processing in the SWPF (via Tanks 21/24 or 49), and 
subsequent transfer of insoluble solids and cesium strip effluent for processing at 
DWPF, and decontaminated salt solution (DSS) (via Tank 50) for processing at 
SPF  

Option 5 – recycle to Tank 48 with periodic decants to Tank 50  

Option 6 – transfer (via Tanks 42/51 or 40) for processing at DWPF.  

The flow-sheet options assessment considered those requirements related to the physical, 
chemical, and radiological limits that must be met in order to transfer the CCPO-processed 
waste via a particular flow-sheet. A comparative assessment was made between the predicted 
composition of the CCPO-processed waste, and regulating documents, such as the 
Documented Safety Analysis (DSA), Technical Safety Requirements (TSR), and WAC, to 
determine if any specified limits were either exceeded or challenged for each of the proposed 
flow-sheets.  

The residual organics in the CCPO-processed waste was a primary content assessed for each 
of the options. The allowable organic level is designated (in the regulating document) as a 
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contribution to the hydrogen LFL in a receipt or blending tank for each of the options. Some 
organic-related concentration limits are also specified as allowable proportions of TPB and other 
organic components. Table 5 provides the specified organic limits for transfer to the TF, to 
DWPF, to SPF, and via SWPF and reference to the relevant regulating documents. 

Table 5: Organic limits applicable to flow-sheet options for CCPO waste  

Requirement TF [Ref. 58] SPF [Ref. 57] DWPF [Ref. 59] SWPF [Ref. 60] 

Contribution to 
Flammability 

Flammability 
contribution of organics 
is bounded by 5% H2 

LFL without reliance on 
temperature 

controls 

Volatiles other than 
Isopar L, benzene 
(from TPB), NH3, 
and H2 < 10% to 

the 
CLFL 

Organic material in 
the sludge feed 
transferred to 
DWPF shall 
contribute 

< 0.1% H2 LFL 

Organic material present in the 
feed shall contribute < 0.1% H2 

LFL in the DWPF Sludge 
Receipt and Adjustment Tank 

(SRAT) 

Specific 
Organic 

Compound 
Concentration 
Limits (mg/L) 

Not defined 

TPB 
< 5.00E+00 

 
Phenol 

< 7.50E+02 
 

Not defined 

TPB 
< 1.00E+01 

 
Benzene 

< 4.50E+02 
 

Phenol 
< 7.50E+02 

All of the flow-sheet options considered restrict either the contribution of organics in the CCPO-
processed waste to downstream flammability, or to TPB concentration limits. With respect to the 
former the intention is to conduct flammability contribution calculations based on the FY2012 
CCPO post-treated product, and establish if the product challenges the specified LFL or CLFL 
limits. The findings from these calculations will be included in a subsequent revision of this 
document. Regarding the latter criteria, the following indicates the TPB destruction levels that 
would be required to transfer the CCPO-processed waste to SPF or SWPF (taking no account 
of blending in receipt tanks). 

Pre-process TPB mass concentration = 12,240 mg/L [54]. Therefore, to achieve a CCPO-
processed TPB content of: 

5 mg/L (SPF WAC [57]) requires 99.96% TPB destruction  

10 mg/L (SWPF WAC [60]) requires 99.92% TPB destruction  

Per the data from FY2012 laboratory-scale experiments the final TPB concentration was <4 
mg/L [33]. As such this result satisfies TPB acceptance criteria specified in both the SPF and 
SWPF WACs though equivalent levels of TPB destruction must be verified with real-waste and 
in larger scale systems.   

It is apparent that all of the flow-sheets considered require high organic destruction efficiencies 
for the CCPO-processed waste. These requirements are designated by the various regulating 
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documents and typically based on concerns of flammability in downstream tanks or facilities. 
These limits will need to be reassessed unless testing can demonstrate that the CCPO process 
can consistently achieve organic destruction levels that do not exceed the designated limits.  

Other specified limits that are either exceeded or challenged by the currently envisaged 
composition of the CCPO-processed waste are related to the proportions of radionuclides, in 
particular Cs-137, Pu-238, and U-235 (for DWPF) [54]. Where they exceed a specified limit for a 
tank or facility, the Cs-137 and Pu-238 concentrations are less than an order of magnitude 
greater than the designated limit. It is thus conceivable that the CCPO-processed waste could 
be blended in receipt and preparation tanks to reduce the radionuclide concentrations below the 
specified limits. With respect to criticality for processing in DWPF, the U-235 fissile loading of 
the CCPO-processed waste (12.3 wt%) is over an order of magnitude greater than the DWPF 
WAC requirement (0.93 wt%) [59]. As such the CCPO-processed waste would require blending 
in the sludge preparation tanks to meet criticality prevention requirements, and may also require 
the addition of neutron poisons. 

6.3 Flow-Sheet Options Alternative Evaluation 

An alternative analysis [61] of the flow-sheet options (detailed in Section 6.2) was performed by 
an independent team consisting of relevant subject matter experts (SMEs) utilizing an Analytical 
Hierarchy Process (AHP). The evaluation included a pair-wise comparison of the six flow-sheet 
options with respect to the following criteria: 

Table 6: Scoring criteria for flow-sheet options alternatives analysis 

Primary Criteria Sub-Criteria
 

System Plan Risk 
Downstream Impacts 
Interference 
Life-Cycle Duration 

 

Complexity 

Process Safety Controls 
Operations/Maintenance/Sampling 
Design 
Installation 
Environmental 

 
Radionuclide Fate N/A 

System Plan Risk 
System plan risk relates to the potential of each flow-sheet option to cause delay/interruption to 
other Liquid Waste (LW) System Plan objectives. A concept that has no identifiable risk for 
interrupting other LW processes would be rated higher than a concept that would inherently 
require interruption to or is shown to have potential for delay to other processes. 

Complexity 
Simple solutions are typically easier to design, install and operate and therefore more desirable. 
The sub-criteria indicated in Table 6 were judged to provide a good measure of a concepts 
complexity. 
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Radionuclide Fate 
It is preferential to SRS stakeholders to send radionuclides (curies) to DWPF rather than SPF. A 
concept that sends more radionuclides to DWPF would be rated higher than one that sends 
more radionuclides to SPF. 

The evaluation has shown that Options 1, 4, and 6 obtained similar scores based on the AHP 
evaluation results, a sensitivity analysis, and a cost/benefit review; Option 4 (feed to SWPF) 
possessed the best overall score. 

Option 1 – transfer to a TF tank and blend with tank contents for future 
disposition at SPF or DWPF  

Option 4 – transfer for processing in the SWPF (via Tanks 21/24 or 49), and 
subsequent transfer of insoluble solids and cesium strip effluent for processing at 
DWPF, and DSS (via Tank 50) for processing at SPF  

Option 6 – transfer (via Tanks 42/51 or 40) for processing at DWPF. 

The evaluation concluded that any of the top three options could be utilized to successfully 
disposition the CCPO effluent stream based on the information available at the time of the 
evaluation. In addition, the following recommendations were made:  

 Continued development of the top three scoring options after the effluent composition 
from the CCPO process is more clearly defined. 

 Application of newly derived process information to the alternatives evaluation to 
determine if one of the three options presents a greater advantage over the other two. 

6.4 Preliminary Consolidated Hazards Analysis 

The Preliminary Consolidated Hazards Analysis (PCHA) [62] identifies and evaluates accident 
conditions and events that have the potential to cause or contribute to the uncontrolled release 
of hazardous material from operation of the CCPO process that might affect the safety of the 
off-site public and on-site workers. In addition, it identifies those events that have the potential to 
cause a loss of production or damage to a facility. Table 7 provides descriptions of the accident 
event scenarios that were postulated as part of the PCHA, and Table 8 summarizes the safety 
controls and their safety function and designation, Safety Class (SC), Safety Significant (SS), 
and Facility Control (FC), with respect to consequence prevention/mitigation. At this point, 
however, it is understood that the CCPO process has not been sufficiently matured and 
additional accident conditions and events may be determined applicable as development of the 
technology progresses.  

In Table 7 the following nomenclature is sometimes used to additionally define a functional 
classification. 
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Performance Categorization (PC) – a category defined in DOE-STD-1021-93 [63], 
assigned through the safety analysis process, which determines the level of Natural 
Phenomena Hazards (NPH) input. Consult the indicated DOE standard for details 
regarding the specific PCs indicated in Table 8. 

Seismic Design Category (SDC) – a classification based on a graded approach used to 
establish the seismic NPH design and evaluation requirements for structures, systems, 
and components (SSCs) in accordance with ANSI/ANS 2.26 [64]. Consult the indicated 
ANSI/ANS standard for details regarding the specific SDCs indicated in Table 8. 

Table 7: CCPO accident event descriptions 

Event No. Event Description 

TK48ALT-1-001 
Decomposition of hydrogen peroxide in storage tank results in over-pressurizing the storage tank 
releasing oxygen which results in a fire. 

TK48ALT-1-002 Fire in the 241-96H process cell causes tank failure which results in spill to the process cell  

TK48ALT-2-001 Explosion in the 241-96H reaction vessel due to ignition of flammable vapors 

TK48ALT-2-002 Explosion in the 241-96H process cell due to ignition of flammable vapors 

TK48ALT-2-003 
Transfer of material from the 241-96H reaction vessel back to Tank 48 which leads to a benzene 
release and subsequently resulting in an explosion 

TK48ALT-3-001 
Transfer of material from Tank 48 to the 241-96H reaction vessel results in a spill inside the 
process cell in Building 241-96H 

TK48ALT-3-002 Component failure results in a spill from reaction vessel 

TK48ALT-3-003 
Overheating of material in reaction vessel results in boiling of the material which results in a 
release 

TK48ALT-3-004 Spill of cold chemicals in chemical storage area 

TK48ALT-4-001 
Shielding is removed (e.g., during maintenance activities) resulting in increased exposure to direct 
radiation  

TK48ALT-7-001 Fire in the 241-96H process cell causes tank failure which results in spill to the process cell 

TK48ALT-7-002 
Seismic event causes failure of reaction vessel with loss of cell ventilation resulting in a cell 
explosion which ruptures transfer line and subsequent spill of contents of second reaction vessel 

TK48ALT-7-003 Explosion in the 241-96H reaction vessel due to ignition of flammable vapors 

TK48ALT-7-004 
Tornado causes loss of PVV, which leads to reaction vessel explosion resulting in subsequent 
spill into process cell and process cell explosion 

TK48ALT-8-001 
Transfer of out of spec. material in the 241-96H reaction vessel (i.e., organics not fully destructed, 
process chemicals not neutralized) results  in unacceptable downstream consequences 

TK48ALT-8-002 Addition/mixing of incompatible chemicals within storage tanks results in an energetic reaction 

TK48ALT-8-003 Reaction vessel product out of spec. 
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Table 8: Summary of CCPO safety/facility controls 

Safety Designation Safety Control Safety Function Event No. 

IC/SC Product Validation Program 
Protect the CSTF DSA assumption regarding organic concentration 
in a waste tank 

TK48ALT-8-001 

SS 
Severe Weather Response 
Program 

Stop transfer TK48ALT-7-003 

SS Chemical Control Program 
Prevent the production of a flammable vapor space in reaction 
tank/process cell (from benzene) 

TK48ALT-2-001 

SS Transfer Control Program Prevent inadvertent transfer TK48ALT-2-003 

SS CLFL Monitoring Monitor flammable limit TK48ALT-2-003 

SS/SDC=3 Diesel Generator Provide back-up power TK48ALT-2-001 

SS 
Process Vessel Ventilation 
(PVV) 

Maintain flow to prevent flammable vapor space TK48ALT-2-001 

SS/SDC-3 PVV Maintain flow to prevent flammable vapor space TK48ALT-7-002 

SS/PC-2 PVV Maintain flow to prevent flammable vapor space TK48ALT-7-003 

SS/PC-3 PVV Maintain flow to prevent flammable vapor space TK48ALT-7-004 

SS/SDC-3 Process Cell Ventilation Maintain flow to prevent flammable vapor space 
TK48ALT-2-002 

TK48ALT-7-002 

SS Process Cell Maintain integrity to mitigate consequences / Support cell ventilation 
TK48ALT-2-001 

TK48ALT-2-002 

SS/SDC-3 Process Cell Maintain integrity to mitigate consequences / Support cell ventilation TK48ALT-7-002 

SS/PC-2 Process Cell Maintain integrity to mitigate consequences TK48ALT-7-003 

SS/PC-3 Process Cell Maintain integrity to mitigate consequences TK48ALT-7-004 

SS Process Vessel Maintain integrity to prevent release TK48ALT-2-002 

SS/SDC-3 Process Vessel Maintain integrity to prevent release TK48ALT-7-002 

SS 
Temperature Monitoring 
with Alarm and interlock 

Maintain temperature below analyzed limits TK48ALT-2-001 

SS Cell Conductivity Probes Detect leak into process cell TK48ALT-2-002 

SS Tank 48 Ventilation Maintain flow to prevent flammable vapor space TK48ALT-2-003 

FC Process Vessel Maintain integrity to prevent release 
TK48ALT-1-002 

TK48ALT-3-002 

FC Process Cell Leak Detection Notify personnel of material in sump of process cell TK48ALT-1-002 

FC 
Combustible Loading 
Program 

Limit combustible material inside process cell to prevent release TK48ALT-1-002 

FC 
Process Cell Sump with 
Conductivity Probe 

Contain release of material in the process cell to mitigate 
consequences 

TK48ALT-3-001 

TK48ALT-3-002 

FC 
Tank Level Indication with 
Interlock 

Stop addition of material into reaction vessel 
TK48ALT-2-002 

TK48ALT-3-001 

FC Temperature Monitoring Maintain temperature below analyzed limits to prevent overheating TK48ALT-3-003 

FC Chilled Water System Control temperature to prevent overheating TK48ALT-3-003 

FC 
Radiological Protection 
Program 

Protect the worker during maintenance while shielding is removed TK48ALT-4-001 

IC = Initial Condition 
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6.5 Task Requirements and Criteria 

The Task Requirements and Criteria (TR&C) document [65] relates to the design, construction 
and operation of the CCPO process (to be located in Building 241-96H), and the necessary 
modifications to the utilities, infrastructure, and Waste Transfer Systems to support installation, 
operation, and feed transfer from Tank 48 to the CCPO reaction vessels. At this point the CCPO 
process has not been sufficiently matured, and the information contained in the TR&C 
document is considered preliminary and thus on HOLD. 

6.6 Risk and Opportunity Analysis Report  

The Risk and Opportunity Analysis Report (ROAR) [66] identifies risks, opportunities and 
handling strategies that will be used to tailor an integrated risk management strategy for the 
Tank 48 CCPO Project. A total of 59 risks were validated. These 59 risks were comprised of 12 
high risks, 22 moderate risks, 3 low risks, 5 risks which, if realized would require the project to 
be rebaselined through an appropriate change control process, and 17 operational 
vulnerabilities. High risks were related to qualification of existing SSCs for use in CCPO 
processing, redesign of current systems such as the PVV (dependent on assessment of vapor  
flammability), the need for incorporation of additional systems, such as vessel heating and 
vessel inerting, and potential scale-up issues from the laboratory-scale process. As process 
maturation continues new risks may be identified which will be assessed, and risk handling 
strategies developed and implemented.  

7 TRL DETERMINATION 

Figure 3 and Table 9 provide the progression of technology maturation stages as defined by the 
DOE TRA Guide [1]. The TRL scale adopted by DOE is used for conducting TRAs.  A TRL 
indicates the maturity level of a given technology.  The TRL scale ranges from 1 (basic principle 
observed) through 9 (total system used successfully in operations). 

 

Figure 3: Schematic of DOE technology readiness levels 
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Each of these areas (i.e., T, M, and P) was assessed separately and assigned a TRL for the 
sole reaction process CTE.  Per this assessment Technology aspects have been determined to 
be at a TRL of three (3), Programmatic aspects at a TRL of two (2), and Manufacturing/Quality 
aspects at a TRL of three (3). As such the chemical destruction process has been assessed at 
an overall TRL 2. Detailed technology development requirements are detailed in Section 8. 
Complete TRL assessment tables can be found in Appendix B. 

Gaps to achieve a higher TRL were determined from “no” answers in the TRL tables.  Actions to 
close the gaps were documented in the tables. This process allowed the program to assess 
which activities need to be completed in order to bring each aspect of the CTE to a TRL of six 
(6). These actions are shown in red in Tables B2 to B17 in Appendix B, and also summarized in 
Section 8. 

8 TECHNOLOGY DEVELOPMENT REQUIREMENTS 

The schematic in Figure 4 provides a general depiction of the TRL development process as it 
applies to maturing the peroxide oxidation reaction process from a TRL 2 to TRL 6 (and 
thereafter to hot operations TRL 9), and the subsequent text documents the specific 
developmental requirements associated with the maturation of the CCPO process. 

 

Figure 4: Schematic depicting general TRL development for CCPO process 
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The following text provides comprehensive detail regarding the work required to be completed in 
order to bring the CCPO process to a TRL 6.  For each requirement the TRL type (T, M, P) and 
level (3-6) to be satisfied are identified. 

 Laboratory-scale real waste testing to verify simulant test data and determine the extent of 
benzene formation due to acid hydrolysis. (4T, 5T) 

 Laboratory-scale simulant testing to determine process changes that would prevent or 
minimize the formation of benzene. (4T, 5T) 

 Laboratory-scale testing utilizing a range of simulants. (4T, 5T) 

 Detailed design and testing of an engineering-scale system will be performed. The 
engineering-scale tests are intended to determine: 

i. Scalability and feasibility of the CCPO process with respect to TPB conversion 
efficiencies for the range of simulant Tank 48H wastes. (3P, 4M, 4P, 5M, 5P, 5T, 6T) 

ii. Scalability, testing, and validation of the process safety functions. (4M, 5M, 5T, 6M, 
6T) 

iii. Integration of the engineering-scale TEs identified in Section 5. (4M, 4T, 5M, 5T, 6M, 
6T) 

iv. Operating limits for key system components and safety controls. (5P, 6T) 

v. Technical issues related to full-scale up. (6T) 

vi. Off-normal operating responses. (6P) 

 Reliability, availability, maintainability, inspectability (RAMI) levels to be determined. (5M, 
6M) 

 A science and technology exit criteria to be developed. (4P) 

 A conceptual design including system description, process flow diagrams, general 
arrangement diagrams, three-dimensional drawings, process and instrumentation diagrams, 
material balance and functional process description to be developed. (4P) 

 Interface control document to be developed. (6P) 

 Additional development activities will include:  

— Downstream impacts and materials compatibility testing to determine if the physical, 
chemical, and radiological characteristics of the CCPO product (per simulant testing) 
adversely affect downstream processes or facilities. 

— Continued TR&C and PCHA development as the maturity of the CCPO technology 
progresses. 

— Continued development of process risks and handling strategies.  

— Reaction vessel heating calculation to determine if currently installed cooling coils 
can also be utilized for heating the vessel contents. 
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APPENDIX B: TRL Tables for CCPO Process CTE 
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APPENDIX C: TRL Tables Related to Waste Processing 
Systems (WPS) 
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Table C1:  TRL development questions related to WPS 

TRL 4 Questions for the WPS
WPS:  

 Y/N Questions Basis & Supporting 
Documents 

Processing  1. Is the WPS, as it appears in the conceptual design, intended to 
accept the full range of wastes to be processed? 

 

 2. Is the WPS capable of meeting targets for startup and 
completion of waste processing? 

 

 3. Have the target operational and performance requirements for 
the WPS been determined? 

 

 4. Have all TEs that require an increase or change in capability 
been identified as CTEs? 

 

 5. Has WPS process flow been modeled?  
 6. Have WPS single point failures been identified?  
 7. Can TEs be sized to meet WPS throughput requirements?  
 8. Have all new or novel operating modes of the WPS been 

modeled and/or tested at lab scale? 
 

 9. Have all recycle streams been identified and included in the 
conceptual design process flow models? 

 

 10. Have the key safety aspects of the WPS related to processing 
been identified? 

 

 11. Are appropriate measures in place to ensure safe operation of 
the processing activities? 

 

Disposal  12. Will the WPS produce a product or products that can be 
dispositioned? 

 

 13. Are all WPS waste streams identified and characterized to the 
extent necessary for conceptual design? 

 

 14. Can all WPS waste streams, including, process liquids, off 
gases, and solids identified in the conceptual design be treated 
and disposed? 

 

 15. Will the waste streams meet the waste acceptance criteria of the 
proposed disposition facilities/sites? 

 

 16. Have the disposition facilities/site been contacted to ensure that 
the waste forms are compatible with facility/site operations, 
procedures, and regulations? 

 

 17. Have the key safety aspects of the WPS related to disposal been 
identified? 

 

 18. Are appropriate measures in place to ensure safe operation of 
the disposal activities? 

 

Interfaces  19. New or novel interfaces among WPS systems have been 
identified as CTEs? 

 

 20. Are all WPS technology interfaces and dependencies 
determined and understood at the conceptual level? 

 

 21. Can all WPS components be successfully mated?  
 22. Are the processing modes of the TEs (e.g., batch, continuous) 

compatible? 
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TRL 6 Questions for the WPS
WPS:  
 Y/N Questions Basis & Supporting 

Documents 
Processing  1. Have all TEs that require an increase or change in capability been identified 

as CTEs? 
 

 2. Can the WPS accept the full range of wastes to be processed?  
 3. Is the WPS capable of meeting targets for startup and completion of waste 

processing? 
 

 4. Have the target operational and performance requirements for the WPS 
been determined? 

 

 5. Have major sections of the WPS and their interfaces been modeled and/or 
piloted? 

 

 6. Has WPS data collection and data flow been modeled/tested?  
 7. Has WPS process flow and process control been modeled/tested?  
 8. Have WPS single point failures been identified?  
 9. Can TEs be sized to meet WPS throughput requirements?  
 10. Have all new or novel operating modes of the WPS been modeled and/or 

piloted? 
 

 11. Are all recycle streams fully characterized?  

 12. Are all WPS recycle streams included in process models?  
 13. Have the key safety aspects of the WPS related to processing been 

identified? 
 

 14. Are appropriate measures in place to ensure safe operation of the 
processing activities? 

 

 15. Is the appropriate documentation in place that adequately describes the 
safety features related to processing, and their functions in the overall 
integrated WPS? 

 

Disposal  16. Will the WPS produce a product or products that can be dispositioned?  
 17. Are all WPS waste streams identified?  
 18. Have the waste streams produced by the WPS been fully characterized?  
 19. Has a disposition path been determined for each waste stream, including, 

process liquids, off gases, and solids? 
 

 20. Will the waste forms meet the waste acceptance criteria of the proposed 
disposition facilities? 

 

 21. Have the disposition facilities/sites been contacted to ensure that the waste 
streams are compatible with disposal facility/site operations, procedures, 
and regulations? 

 

 22. Have the key safety aspects of the WPS related to disposal been identified?  
 23. Are appropriate measures in place to ensure safe operation of the disposal 

activities? 
 

 24. Is the appropriate documentation in place that adequately describes the 
safety features related to disposal, and their functions in the overall 
integrated WPS? 

 

Interfaces  25. Are all WPS technology interfaces and dependencies determined and 
understood? 

 

 26.  New or novel interfaces among WPS systems have been identified as 
CTEs? 

 

 27. Have all WPS TE interfaces been modeled or piloted?  
 28. Are the processing modes of the TEs (e.g., batch, continuous) compatible?  


