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ABSTRACT 

The legacy ofthe nuclear arms race has left numerous environmental remediation 

challenges. For example, a common practice from the 1950s to the 1970s for nuclear 

criticality control offissile solutions in storage tanks was the use ofborosilicate Raschig 

rings However,this practice subsided with the uncertainty in the long-term consistency 

ofthe boron concentration in the Raschig rings The result was numerous abandoned 

tanks that are relatively filled with contaminated borosilicate Raschig rings 

The focus of this study was on a radioactive waste stream fi-om an 

uranium/thorium separation process that was conducted in the 1970s. The primary 

radioactive contaminants ofthis waste stream were thorium-228/229 and the associated 

decay products. Motivation for remediation of the Raschig rings is based on the 

associated costs ofdisposal oflarge volumes ofradioactively contaminated Raschig rings. 

Additional inspiration behind this particular waste stream is the interest in thorium-229 as 

a bio-medical generatorfor alpha radioimmunotherapy 

In this study, successful remediation of radioactively contaminated borosilicate 

Raschig rings was achieved using a nitric acid solvent/ultrasonic agitation method 

followed by ion exchange separation and a combination surfactant/ultrasonic volume 

reduction method. Both methods resulted in a successful remediation with greater than 

99% removal ofthe radioactive contaminants Furthermore, successful recovery ofthe 

thorium-229 was achieved through a combination ofbatch anion and cation ion exchange 

processes Consequently, this success has allowed clinical trials to begin on a new 

treatmentfor mylegeneousleukemia using the decay products fi-om thorium-229 
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1. mXRODUCTION 

Throughout the United States, borosilicate Raschig rings were commonly used for 

nuclear criticality control at DOE Nuclear Facilities between the period of 1950 to 

1970[1] The boron incorporated in the Raschig rings absorbs neutrons released from 

fissile materials in solution; while the Raschig rings are used for the associated high 

surface area[2] Guidelines still exist for the use ofborosilicate Raschig ringsfor midftar 

criticality control, however, safe engineering design features have become the preferred 

mechanism for nuclear criticality control offissile solution storage and processes[3], The 

criteria for Raschig rings to completely fill tanks and other voids that could potentially 

pose a nuclear criticality hazard has led to the generation oflarge volumes oflow-level, 

high-level, and transuranic radioactive wastes. There is no accurate estimate ofthe total 

volume of Raschig rings that are radioactively contaminated and require disposal, 

however,a reasonable assumption could place the estimate at several thousand 55-gallon 

drums. Therefore as a result ofpast nuclear operations,these Raschig rings now compose 

a radioactive waste stream that poses a significant waste disposal dilemma. 

Due to the large volumes occupied by these Raschig rings, decontamination ofthe 

rings could potentially be a viable and cost effective method for remediation of this 

radioactive waste stream. Radioactive waste streams such as contaminated Raschig rings 

can be broken down into three general categories for disposal 1)low-level radioactive 

waste, 2) high-level radioactive waste, and 3) transuranic waste The disposal costs 



depend directly on the classification of radioactive waste stream (i.e., low-level, high-

level, transuranic waste). An estimate was made to show the potential economic benefit 

ofremediating radioactive low-level and transuranic contaminated Raschig rings in Figure 

1.1. For the qualitative estimates, a base cost of$25/ft^ was used for Class A low-level 

waste while $750/ft^ was used for transuranic waste [4,5]. These rough estimates were 

generated from discussions with industry professionals that deal in the changing 

environment ofradioactive waste disposal. 

Disposal Costsfor Radioactive Waste Drums(per 100) 

i
i
i
i 

Low Level Waste Transuranic Waste 

Figure 1.1 Approximate disposal costs of55-gallon drums oflow-levei and 
transuranic wastes. 

The relative differences in costs are primarily associated with the restrictions 

placed on the availability ofspace for disposal and associated handling costs. The disposal 

costs for transuranic wastes are approximately thirty times greater than the costs for 

disposal of low-level waste. An accurate number for high-level waste is not currently 



available, as the proposed disposal site is not operational However, a safe assumption 

can be madethat the disposal costs will be equivalent or greater than the disposal costsfor 

transuranic waste. 

I 

A focused study was conducted on a uranium-233/thorium-229 radioactive 

Raschig ring waste stream at the Radiochemical Development Facility at Oak Ridge 

National Laboratory(ORNL). This specific waste was chosen to develop a methodology 

that could be applied to other similar radioactive contaminated Raschig ring waste 

streams Other Raschig ring wastes contaminated with uranium,thorium,and plutonium 

would have similar historical process backgrounds and therefore could utilize the results 

ofthe remediation approaches developed herefor potential application to these wastes 

For this particular Raschig ring waste stream, a secondary objective was to 

recover a valuable but previously undesired isotope(i.e,thorium-229)for ongoing alpha 

radioinmiunotherapy research[5-9]. Alpha radioimmunotherapyis the medical application 

ofalpha emitting isotopes in conjunction with monoclonal antibodies. The alpha emitting 

isotope is attached to the monoclonal antibody and injected into the bloodstream. The 

antibody attaches to a tumor cell for which the antibody was designed to have an affinity. 

At this point the attached radioisotope decays and releases the alpha particle onto the 

tumor cell The relative size and associated electrical charge ofthe alpha particle results 

in significantly more damage to the tumor cell than conventional radiation therapies that 

use beta orgammarays 



2. LITERATUREREVIEW 

2.1 RADIOACTIVELYCONTAMINATEDBOROSILICATERASCfflGRINGS 

Borosilicate Raschig rings were commonly used from the 1950sthrough the 1970s 

to prevent the potential of inadvertent nuclear criticalities in tanks containing fissile 

solutions. Therefore, the majority of information generated during that period was 

directed towards the safe and effective use of borosilicate Raschig rings for nuclear 

criticality control There are several papers for the safe use, inspection, and criticality 

assessment ofRaschig rings[1-3] However, only a limited amount ofinformation was 

found on the remediation ofthe Raschig ring waste streams that have been generated over 

the past thirty years. 

Until the start ofthis research project, little had been published on methods for 

remediation ofradioactively contaminated Raschig rings This can probably be attributed 

to the much larger problem ofremediation ofthe radioactive liquid/sludge contents that 

exist in the same tanks as the Raschig lings However, this oversight to investigate 

methods for remediation ofradioactively contaminated Raschig rings does not solve the 

problem ofdisposal and remediation ofthese Raschig ring waste streams. 

Without a method of treatment for radioactively contaminated Raschig rings, 

proper disposal would be to package the rings in drums and dispose ofthe drums at 

approved burial sites. However, due to the associated costs per volume for transuranic 



(and high-level) wastes,traditional methods ofdisposal may be expensive for manyofthe 

waste streams 

Another published method was performed in 1978 in Germany[10] During the 

decontamination of various process cells, eighteen vessels were emptied of boron glass 

Raschig rings and conditioned for waste packages suited for sea disposal. Currently 

approved regulations in the United States do not allow for disposal of radioactive 

materials at sea. Therefore, the relevancy of that work, other than to establish the 

negligible amount of research performed on remediation of radioactively contaminated 

Raschig rings,is limited. 

In the United States, concurrent to the initiation ofthis research project was the 

development of a Raschig ring remediation study at the Rocky Flats Environmental 

Technology Site[11]. The preliminary study recommended aremediation technology that 

utilized a combination of nitric acid and ultrasonic agitation Additional information 

concerning application ofthe study was notfound 

2.2 BACKGROUNDINFORMATION 

2.2.1 ORNL Uranium-233/Thorium-229Raschig Ring Waste Stream 

The particular Raschig ring waste stream addressed in this study wasa remnant of 

a uranium/thorium separation process conducted atORNLin the 1970s The process was 

used to separate uranium-233 and uranium-232 from their associated decay products. 

The primary decay products ofconcern are the first daughters,thorium-229 and thorium-

228, due to their dominant half-lives (7,430 years and 1 8 years respectively). The 



original process involved a nitric acid dilution ofthe uranium feedstock followed by a 

cation ion exchange process where the resin had a higher selectivity for thorium than for 

uranium. The thorium was then eluted with an ammonium acetate complex. The eluant, 

with slight uranium contamination, was stored in a vessel filled with borosilicate Raschig 

rings for several years before the material was disposed [12] This left approximately 

seventy cubic feet ofradioactively contaminated borosilicate Raschig rings. The Raschig 

rings were stored in the tank until 1993, when the Raschig rings were vacuum extracted 

and transferred to 55-gallon drums 

The Raschig rings were recovered during 1993 in an effort to retrieve any residual 

thorium-229 that remained in the tank and on the Raschig rings As mentioned earlier, 

thorium-229 has been identified as a potential parent isotope for a new method to treat 

various bloodbome tumors [5-9] The additional potential of recovering an identified 

valuable product from what would otherwise be considered a waste provided the 

economic motivation for the project 

2.2.2 Project Outline 

The difficulty of establishing a successful remediation or treatment process for 

heterogeneous high-level radioactive waste has been the subject ofother research projects 

[11,13-14] Prior to the start ofthis project, the only data that existed on contaminant 

extraction of the selected Raschig ring waste stream was provided by ORNL's 

Radiochemical Analytical Laboratory[15] 



 

 

Four heterogeneous samples had been retrieved and sentfor isotope and chemical 

analysis The samples were pulled randomly from the Raschig rings near the bottom of 

the waste storage vessel The decision to pull samples from thislocation in the vessel was 

based on the assumption that the highest concentrations ofthorium-229 were present near 

the bottom ofthe tank Surface radiation levels from the Raschig rings extracted from this 

region validated the assumption that concentrations were higher at the bottom ofthe tank 

This assumption should also be typical ofa waste tank with sludge or sediment that had 

settled to the bottom ofthe tank 

The following is an outline provided by the Radiochemical Analytical Services at 

ORNLofthe basic steps used to recoverthe contaminantsfrom the Raschig rings[16]. 

• TheRaschig rings were submersed in 100 mlof3N nitric acid 

• A magnetic stirrer was used to mbcthe solvent,and the temperature wasraised 

to~80°C 

• Up to several milliliters of5N hydrofluoric acid were added to assist in the 

removal ofthe contaminants. 

• The recovery process wascontinued for a period ofapproximately48 hours 

The use ofhydrofluoric acid and the time that was reported to recover the contaminants 

illustrates the basic assumptions concerning the difficulties expected in remediating the 

Raschig ring waste stream 



2.3 Glass Cleaning Technologies in OtherIndustries 

Borosilicate Raschig rings are glass cylindrical rings with a high concentration of 

boron in the glass matrix A literature review ofindustry technology and standards for 

glass cleaning in other industries found significant information on a wide range of 

techniques but no direct applications to the remediation of radioactively contaminated 

borosilicate Raschig rings. Thefollowing is a briefoverview ofthe areas and information 

available that provided insight into similar applications. 

The American Society for Testing and Materials publishes a standard,Practicefor 

Designing a Process for Cleaning Technical Glasses (C912) [17], which provides 

guidance for development of a process for cleaning glass substrates. Common 

applications are pharmaceutical, computer, telecommunications, and research laboratory 

industries 

Somewhat more relevant to this project, a method for cleaning borosilicate glass 

for biological applications was developed by Pantano and Hench that used various 

surfactants and ultrasonics to clean borosilicate glass ofseveral petroleum based organic 

compounds[18] 

Harding performed a study evaluating methods to remove oil and grease 

contaminants fi'om glass for the semi-conductor industry. Harding studied the 

effectiveness ofcommon water based surfactants as replacement alternatives for CFC and 

trichloroethylene, which are being phased out ofuse because oftheir detrimental effects 

on the environment [19] The study utilized a 40 kHz ultrasonic sink and glass 



microscope slides contaminated with various oil and grease compounds Harding 

concluded that the surfactants were not as effective as traditional cleaning agents on the 

oil and grease contaminants However, his results could be considered successful if 

applied to a waste remediation project where the final results were notas stringent 

A similar study was performed by Slanina to evaluate the effectiveness ofspray 

cleaning circuit boards with several aqueous cleaning detergents [20] The study had a 

similar conclusion as Harding on the relative ineffectiveness of the proposed cleaning 

alternative to standard methods However, this report provides a viable alternative to 

ultrasonics for remediation ofa waste stream where once again the criteria for cleanliness 

are not as critical asin the circuit board manufacturing industry. 

Gollapudi (et. al.) performed an ultrasonic treatment study for the removal of 

asphaltine deposits on glass substrates[21] The ultrasonic mediums were either aqueous 

or kerosene. The key parameter evaluated in this investigation wasthe effect offrequency 

onthe cleaning effectiveness 

Additional information on ultrasonic cleaning of glass with acid and surfactants 

was found in an article in Glass [22]. The article provided lessons-learned on various 

applications ofultrasonics, acids, and surfactants. The key recommendation on surfactant 

selection wasto choose alowfoaming, alkaline, easily rinseable agent. This criteria led to 

the selection of the surfactant, with the trade name Simple Green™ manufactured by 

Sunshine Makers, Inc for remediation experiments of the radioactively contaminated 

borosilicate Raschig rings. 



2.4 Regulatory Requirements 

There are three types ofradioactive wastes that were used to provide the basisfor 

this project: 1)low-level waste,2)high-level waste,and 3)transuranic waste Low-level 

waste is defined as waste that contains radioactivity and is not classified as high-level 

waste,transuranic waste, or spent nuclear fuel or byproduct material as defined in section 

11 e.(2)ofthe AtomicEnergy Actof1954(42U.SC 2014(e)(2))[23] High-level waste 

is defined by the Nuclear Waste Policy Act of 1982 as the highly radioactive material 

resulting fi-om the reprocessing in the United States ofspent nuclear fiiel, including liquid 

waste produced directly in reprocessing and any solid material derived fi-om such liquid 

waste that contains fission products in sufficient concentrations; the highly radioactive 

material resulting jfrom atomic energy defense activities, and any other highly radioactive 

material that the Commission, consistent with existing law, determines by rule requires 

permanent isolation [24], -Transuranic waste is defined by 40 CFR 191 as waste 

containing more than 100 nanocuries of alpha-emitting transuranic isotopes, with half-

lives greater than twenty years, per gram ofwaste, except for:(1)High-level radioactive 

wastes,(2) wastes that the Department has determined, with the concurrence of the 

Administrator, do not need the degree ofisolation required by this part, or(3)wastes the 

Commission approvesfor disposal on a case-by-case basis per 10CFRPart61[25], 

These regulatory definitions provide the design basis for the experimental and 

application studies to determine whether the radioactively contaminated Raschig rings can 

be decontaminated sufficiently to meetthe definitions ofthe waste classification 

10 



3. EXPERIMENTAL 

The residual radioactive containination on the Raschig rings is a direct result ofthe 

processfrom which the Raschig rings were originally utilized Noncontaminated Raschig 

rings are shown in Figure 3 1 and provide a baseline for visually comparing the 

effectiveness of the remediation processes. T3^ically, the radioactive contamination on 

the Raschig rings varies from a thin dry film to a sludge-like material that completely 

envelops the ring (Figs.32-3.3). However, by considering the process that led to the 

generation of the waste stream, a remediation scheme can be proposed for effective 

removalofthe radioactive contaminantsfrom the Raschig rings(Fig.3.4)[5] 

The selected Raschig ring waste stream originated from a nitric acid dissolution 

process; therefore, a nitric acid/ultrasonic remediation method was selected to test its 

effectiveness in the remediation of the Raschig ring waste stream. Concurrent to the 

development ofthis methodology,Raschig ring remediation with nitric acid and ultrasonic 

agitation was also recommended for the Raschig ring waste streams at the Rocky Flats 

Environmental Technology Site[11] 

As an alternative to the use ofconcentrated acids, surfactant/ultrasonic agitation 

was investigated as a technique to remove the radioactive contaminants Numerous 

industrial and household surfactants are available to clean glass (e.g., Windex®, 

Formula409®) Furthermore,an industry existsto develop products and techniquesfor 

11 
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Figure 3.1 Clean borosiiicate Raschig rings. 
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Figure 3.2 Radioactively contaminated borosilicate Raschig rings with thin dry 
film ofcontamination. 
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Figure 3.3 Radioactively contaminated borosilicate surrogate Raschig rings with 
thick sludge contamination. 
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Figure 3.4 Basicschematicfor determining a method for remediation of 
contaminated Raschig rings. 
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cleaning various types of glass (ie, windows, windshields, optical glass) For this 

experiment, a common bio-degradable surfactant was chosen to study remediation 

effectiveness on contaminated Raschig rings The effectiveness ofthe surfactant wasthen 

compared to the nitric acid results 

Contaminant removal is the first step in a remediation system for Raschig rings 

The next step is to concentrate the contaminants. Ion exchange separation was chosen as 

the method to remove the heavy metals, to recover the nitric acid for recycle, and 

concentrate the radioactive constituents. Both cation and anion ion exchange resins were 

used to separate and purify the radioactive contaminants In addition, both batch and 

column ion exchange systems were tested For comparison,the contaminated surfactant 

solution wasreduced in volume by evaporation toform a solid salt cake 

3.1 RASCfflGRINGREMEDIATION TESTS 

The Raschig ring remediation studies were separated into four phases (1)baseline 

evaluation ofthe effectiveness ofdeionized water as a solvent,(2)nitric acid remediation 

study of the effect of temperature and acid normality; (3) a combination of 

ultrasonic/surfactant remediation tests to evaluate the potential for alternative cleaning 

techmques and provide for the development ofa economic evaluation between the nitric 

acid method and surfactant method,and(4)remediation ofthe Raschig rings without the 

use of ultrasonics to isolate the mass transfer removal contributions. The general 

expenmental procedure and supporting data areshown in AppendbcB 

16 



3.1.1 Baseline Raschig Ring Remediation Data 

Baseline metal analyses of the residue on the selected Raschig ring wastes are 

shown in Tables3 1 and 3.2 The source of the samples for Table 3.1 was residue 

recovered from material obtained from the bottom of the Raschig ring vessel. The 

samples for data in Table 32were residues from Raschig rings recovered throughout the 

vessel The variations in thetwo analyses can be attributed to the heterogeneous nature of 

the waste stream Also, from the data an assumption can be made that the dominant 

species present is natural thorium (i e,thorium-232), which was added to the original 

process during flushing operationsofthe system. 

Initial remediation experiments were conducted with a mechanical stirrer and 

deiomzed water at room temperature (Fig 35) The data provided a baseline against 

which to compare the effectiveness of the subsequent nitric acid/ultrasonic and 

surfactant/ultrasonic experiments Remediation with water and the stirrer wassurprisingly 

effective given the reported difiiculty from previous attempts reported in Section 2.2.2. 

To isolate the mechanically induced mass transfer effects, two additional baseline 

experiments were performed to measure the remediation effectiveness ofthe nitric acid 

and the surfactant Raschig rings were submerged in either nitric acid or surfactant to 

establish the remediation rate due to chemical dissolution ofthe contaminants(Figs 36 

and 3 7). Multiple experimental runs were conducted with various nitric acid 

concentrations to verify the effects ofthe nitric acid on the remediation rate. The slow 

rate ofdissolution from the nitric acid alone establishes the significant effect of 
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Table 3.1 Metals analysis of Raschig ring residue provided by the Institute for 
Transuranium Elements. 

Species Concentration(pg/ml) 

A1 3070 

B 0516 

Cr 7482 

Cu 1.29 

Fe 11404 

Mg 4.90 

Mn 1.29 

Ni 103 

Th232 2580 

Ti 0516 

U233 622 

U238 54 

Zn 2.06 

Species 

Sn 

Mo 

Ba 

Pb 

Ta 

Cd 

Gd 

W 

Sr 

Sb 

Zr 

Nb 

Th229 

Concentration(|Jg/mI) 

0129 

0.258 

0129 

4076 

0.0516 

0129 

<0.077 

<0077 

<0.077 

<0.077 

0129 

0.258 

21.67 

18 



Table 3.2 Metals analysis ofRaschig ring residue provided by Oak Ridge National 
Laboratory 

Species Concentration(pg/ml) Species Concentration(pg/ml) 

Ag 0.280 Mg <0197 

A1 393 Mn 275 

Ba <0014 Na 740 

Be 008 Ni 2.57 

Ca 32.7 Sb <2.20 

Cd <0220 Th(total) 2580 

Co <0.144 Th-229 1 1 

Cr 4.38 U 180 

Cu 214 V 0.320 

Fe 364 Zn 454 

K 183 

19 



 

Remediation Ratefor Borosilicate Raschig Rings in HjO 
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Figure 3.5 Remediation ratefor two independent wastestreams ofradioactively 
contaminated borosilicate Raschig rings with deionized waterand 
mechanicalstirrer agitation. 
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the increased mass transfer associated with the mechanical agitation. For the experiments 

conducted,successful remediation could be extrapolated to atransuranic waste stream^ as 

long as, the average transuranic curie concentration was below approximately 58 

liCi/Raschig ring, where 5.8 pCi/Raschig ring is equivalent to the regulatory limit of 

100 nCi/gm of transuranic waste. From the results in Section 3 and the data files in 

Appendix B, the treatment ofa transuranic waste to low-level waste would have been 

easily achieved 

The effectiveness ofthe remediation was measured through grossgammaradiation 

measurements and gamma spectroscopy Gamma spectroscopy was used to determine the 

activity ofthe primary isotope that remained onthe Raschig rings(i.e.,thorium-229). The 

gamma spectroscopy unit also provided specific characterization ofthe decay products A 

description of the fundamental operation of a gamma spectroscopy unit is provided in 

Appendbc A This analytical method was chosen to provide discrete and rapid 

determination ofthe radioactive constituents and associated decay products that undergo 

agamma decay(eg,uranium-233, uranium-232, thorium-229,and thorium-228) 

The sequence ofoperations began with a calibrated ganuna spectroscopy unit with 

known sample geometry and calibrated gamma sources. The sample was counted for 

approximately fifteen minutes, at which time the curie activity ofthe thorium-229 isotope 

was determined by the yield ofthe 193 keV and 210 keV gammas from the decay of 

thorium-229 The thorium-229 concentration was then determined from the quotient of 

the thorium-229 activity and the specific activity The thorium-229 concentration could 

23 



then be correlated to the total thorium concentration through a ratio developed from 

isotopic analysis The frequency ofthe measurements was then acquired from trial and 

errorto find the optimum interval for successfulremediation. 

3.1.2 Nitric Acid Remediation Tests 

The nitric acid remediation tests were conducted to establish the effectiveness and 

an optimum operational region for remediation ofthe contaminated Raschig rings. The 

two key process variables modified were temperature and nitric acid concentration with a 

constant applied frequency and intensity from the ultrasonic generator Nitric acid was 

chosen based on previous process knowledge associated with the waste stream and to 

minimize the corrosive effects on the process equipment(eg,ventilation and laboratory 

hoods) that are typically associated with the use of hydrochloric or sulfuric acids. 

Remediation tests indicated minimal effect from change in temperature and nitric acid 

concentration ofthe remediation time(Fig 3 8). 

The minimal effect oftemperature and mtric acid concentration on the remediation 

time ofthe Raschig rings is overwhelmed by the more dominant effect ofthe ultrasonic 

agitation. This is seen later when the remediation time is compared to the 

surfactant/ultrasonic experimentsin section3 1.3. 

3.1.3 Ultrasonic/Surfactant Tests 

Experiments were conducted to establish an alternative remediation technique and 

determine the relative effectiveness ofthe nitric acid remediation method A commercially 
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available surfactant, by trade name of Simple Green™, was used for the remediation 

studies The choice ofthe surfactant was based on the bio-degradable classification ofthe 

surfactant and the economical aspects that could be applied to a larger scale operation 

The bio-degradable classification should ensure the secondary waste meets established 

land disposal restrictions for radioactive wastes. The temperature was ambient, ~25°C, 

and the ultrasonic frequency was fixed at 55 kHz and with power at 120 watts (0.6 

watts/ml). The resultant radioactively contaminated solution was reduced in volume by 

evaporation to a salt cake The volumetric reduction ofthe solution was approximately 

10.1. There was no apparent degradation ofthe cleaning effectiveness ofthe surfactant 

after twelve successful remediations or approximately 1 cubic foot ofRaschig rings per 

0.3 liters ofsolution This would allow the surfactant to continue to be used for multiple 

decontamination efforts Ofcourse, the effectiveness ofthe surfactant will be a function 

ofthe material deposits on the Raschig rings Figure 3.9 compares the remediation times 

for the surfactant tests to the remediation times fi-om the 7.5N nitric acid tests. The 

experimental procedure is described in AppendixB 

The relative effectiveness ofthe 75N nitric acid and the surfactant remediation 

ultrasonic methods was essentially equivalent as seen by the final concentrations of 

contaminants on the Raschig rings However, one key difference in the remediation 

techniques wasthe removal ofthe yellowish stain on the Raschig rings,seen in Figure32, 

with the surfactant method Another difference is the relative hazards associated 
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with an acid process are substantially reduced with the use ofa biodegradable surfactant 

Thisfactor becomes significant in the economic analysis ofprocess scale-up 

Evaporation ofthe contaminated surfactant was performed to establish a volume 

reduction step for the contaminated remediation solutions The volume reduction for the 

laboratory trials was performed by heating the waste solution to 100°C. Asthe solution 

evaporated, the solutes concentrated into a salt cake. The average reduction in solution 

volume was 10 1 from the initial volume The time to evaporate the samples and the 

volume reductions are given in Table 3.3. The residual solids were defined as"dry" after 

no freestanding liquid was visible The final dried volume in Table 3 3 was primarily due 

to the solidification ofthe dissolved solids in the surfactant. Therefore,the actual volume 

reduction on a larger scale would be the summation ofthe contaminants on the Raschig 

nngs with an estimate ofafactor often reduction from the initial surfactant volume. 

Table3.3 Volumetric reduction datafor Raschig ring surfactant remediation 
experiments. 

Initial Raschig Final Dried Volume Time(hrs) 
Solution Ring Volume of Reduction @100°C 
Volume Volume Solution Ratio 

(mis) (cm') (cm') 

Run 1 300 28,317 32 9.4 29 

Run2 300 28,317 31 9.7 31 

Run3 300 28,317 28 10.7 27 

Run4 300 28,317 27 11 1 28 

Run5 300 28,317 33 9 1 32 
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If the results of the remediation with the surfactant method were applied to a 

similar waste stream that was contaminated with a transuranic waste,the overall reduction 

of the transuranic component would be over 800'1 based on the removal of the 

contaminants and the resultant volume ofthe salt cake Furthermore,volume reduction of 

the decontaminated Raschig rings by crushing would reduce the final volume of the 

Raschig rings to~50%ofthe initial volume. 

Prior to beginning the surfactant experiments, the potential problem ofsurfactant 

foaming was ofconcern Generation offoam during ultrasonic agitation would present an 

operational problem for the surfactant method of Raschig ring remediation However, 

during all Raschig ring remediation studies with the Simple Green™ surfactant no foam 

was observed. 

3.2 IONEXCHANGESEPARATIONEXPERIMENTS 

For this project, the contaminants were separated via a batch ion exchange 

method Initial attempts were made to utilize a gravity ion exchange column, however, 

the significant quantity ofparticulate matter required afiltration step prior to ion exchange 

colunm separation The gravimetric filtration method utilized to filter the feed material 

was a labor-intensive effort The difficulty offiltration on the laboratory scale was noted 

as a problem to be considered in engineering design for potential scale-up ofthe process 
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Due to the radioactive hazards associated with this process, a simplistic method 

was developed for batch ion exchange separation This eliminated the need for the feed 

filtration step and allowed the process to be performed in steps without continuous 

operational coverage. This approach minimized worker time in direct contact or vicinity 

ofthe feed material, which reduced the hazardous exposure to the operational personnel. 

However, the lessons obtained from this process emphasize the need for adequate 

filtration in the design ofa larger scale Raschig ring remediation process that utilizes ion 

exchange separation 

3.2.1 Anion Ion Exchange Batch Separation Data 

The dissolved contaminants were separated fi-om the nitric acid solution by batch 

anion exchange. The primary contaminant ofinterest was thorium (see Tables 3.1 and 

32) The thorium was desired for use in the advanced alpha radioimmunotherapy medical 

studies 

For the anion ion exchange separation studies, the proposed dominant thorium 

complex dissolved in a75NHNO3solution is given by; 

+6HN0^<^Th{N0^)^+6H* (321) 

Since most other metal cations do notform anion complexes with nitrate ions,the use of 

anion exchange results in preferred thorium product relatively fi-ee ofcontaminating ions. 
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The ion exchangefor the thorium nitrate complex is be given by 

THNO^)'^ + RNO^oR*Th{NO^\+1N0;'' (32.2) 

The analytical results for concentration of the thorium-229 species were 

determined in curies per milliliter, Ci/ml,ofsample bygammaspectroscopy. A conversion 

to grams/ml is performed by calculating the Ci/g, specific activity, of the radioactive 

species, which is given by 

^, 1.13x10'' 
Cj Ea= (3.23)' ty{%QC)MW ^ ' 

For these experiments, the primary radioactive contaminant measured was 

thorium-229 The ratio for total thorium, primarily thorium-232, to the thorium-229 

concentration was developed from initial analytical samples From Tables 3 1 and 32,a 

conservative ratio ofgrams ofthorium-232 to grams ofthorium-229 was estimated to be 

-2000 1. 

The normality of one gram of the thorium nitrate complex, , per liter 

basis was calculated to be 3 3x10"' eq/gram For the Reillex HPQ™ resin, the exchange 

capacity was3 3 meq/g dry resin(data supplied by the manufacturer) From this standard 

basis value, the minimum grams of dry resin per gram ofthorium to be recovered was 
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determined to be 261 g dry resin/g thorium. A typical value of thorium-229 

concentration was 9.5 mg/1(AppendbcB) Hence,for 100% loading on the ion exchange 

resin, a minimum of248g ofdry resin was required per liter per batch ion exchange run 

To ensure high efficiency adsorption and enhance mass transfer rates an average mass of 

200g ofdry resin was used per 0.5-liter batch run, sixteen times the calculated mass of 

resin for complete loading The mass transfer effects were confirmed to be minimised for 

the 0.5-liter batch anion runs by varying the mass of resin Up to the 200 g of resin 

threshold and 250 sees, a linear relationship was seen between the ratio of surface to 

volume (surface area per volume of solution) and the mass transfer properties 

(Figures 10) 

The sequence ofoperations for the anion ion exchange process began by washing 

200g ofdry resin to remove small resin fines and other contaminants Then the resin was 

soaked in 7.5N HNO3 to convert the resin to the nitrate form The nitric acid solution 

from the ultrasonic remediation step was heated to 60°C in accordance with the process 

optimization performed by Rainey [26] While simultaneously, the resin in the 75N 

HNO3was heated to 60°C. Once temperatures stabilized,the nitric acid solutionfrom the 

ultrasonic remediation step was added to the 75N HNO3 resin and stirred until the 

thorium nitrate complex was adsorbed, which was confirmed by means ofthe procedure 

outlined in AppendixB 
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A plot of Equation 4210 in Figure 3 10, ) versus /, 

gives the adsorption rateforthe batch ion exchange process Where,the rate constant,Ua, 

for adsorption is found from the slope ofthe line Derivation ofthis model is shown in 

Section 4.2 

Therefore, the adsorption rate constant for the 200 gm anion resin case, kA, is 

approximately00136 sec"' Consequently, with a volume for Ua,the concentration at any 

time,t, can befound from Equation 4.2.10to be 

Q =Ce (3.24) 

However,it should be noted that this solution isfor the system described by thefollowing 

conditions (1)T = 60°C,(2)05 liter batch in an Erlenmeyer flask,(3)2" magnetic 

stirrer at 50% setting For similar conditions where excess resin is used to minimize mass 

transfer effects the adsorption rate constant and Equation 3.24 should be valid These 

conditions optimized the batch ion exchange process to minimize worker radiological 

exposure and maximize recovery ofthe thorium species 

In an effort to recover the thorium, the resin was flushed and then filtered with 

75N HNO3to remove residue contaminants Following the flush,the resin was mixed by 

magnetic stirrer in a batch mode with 300 mis to 400 mis of O.IN HNO3 to shift the 

thorium back to a positive ionic form and elute the thorium from the ion exchange resin 
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Upon completion ofthis step,the resin slurry was again filtered and eluted to recover the 

thorium in solution 

3.2.2 Cation Ion ExchangeBatch Separation Data 

Cation ion exchange was used to purify the thorium recovered fî om the ultrasonic 

remediation ofthe Raschig rings This step was incorporated due to the minute uranium 

and iron impurities remaining after the anion separation These were the contaminating 

ions that formed sufticient anion complexes to be removed by the anion resin. Initially, 

the cation ion exchange separation step was not planned due to the difficulties in 

separating the thorium speciesfrom the cation resin For most applications to larger scale 

Raschig ring remediation projects the anion separation would have been satisfactory for 

contaminant removal However,for this project the primary product ofinterest, thorium, 

was to be recovered for applications in nuclear medicine research and further purification 

was required Therefore, the cation ion exchange step was included as an additional 

purification step in removing the trace metal impurities in the eluant after the anion ion 

exchange step. 

After anion separation, the thorium in a 0IN HNO3 solution is primarily a 

positively charged ionic species Cation resin was chosen for use with the dilute nitric 

acid solution due to the high selectivity of cation resin for multivalent positive ionic 

species The relative affinity ofthe cation resin for Th(rV)is so strong that elution proves 

to be extremely difficult with variations ofnitric acid concentration and temperature[26] 

35 



This led to the use ofammonium acetate dissolved in acetic acid to form the following 

thorium acetate complex. 

Th^+ACHfOONH^<r^Th{CH^COO\+ANHl (325) 

The neutral thorium acetate complex could then be eluted from the cation ion exchange 
I 

resin. Following the recommendations of Rainey [26], the ideal concentrations of 

ammonium acetate and acetic acid in the range of4to45M were studied. Throughout 

the batch process, the temperature was maintained at approximately 60°C [26]. After 

elution, the thorium acetate was boiled to dryness to convert the thorium acetate to a 

thorium oxide compound for future chemical separations in support of the medical 

research applications [5-9]. The quantity of cation resin(AG50W-X12)required for a 

05-liter batch run with a nominal thorium-229 concentration of9.5 mg/1 was estimated to 

be approximately 78gmson a wet basis This assumesa maximum loading of2.1 meq/gm 

(supplied by the manufacturer) To improve mass transfer rates,the amount ofresin used 

was increased until no effect from the change in resin concentration was observable This 

highest removal rate wasfound at -200 gms ofresin per 0.5-liter batch ofsolution The 

adsorption rate for this batch process with various resin concentrations at 60°C is plotted 

in Figure3 11. 

The slope ofthe lines in Figure33 are equivalentto the adsorption rate constant, 

kA,forthe cation ion exchange system at60°C as presented in Equation 4.2.10. The 
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solution for the concentration at time t for the -200 gram resin loading follows as in 

Section32 1 

^Th(CHfiO)^ ~^Th(CHiOO)^a^ (3-26) 

The conditions of the experimental were same as described in Section 3.2 1 
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4. MODELINGOFEXPERIMENTALRESULTS 

From the experimental data, the effectiveness ofthe remediation was attributed to 

the mechanically induced agitation Therefore, the mass transfer mechanism is based on 

the theory for ultrasonic agitation The mass transfer model for ultrasonic agitation 

provides insight to the physical principals of contaminant removal and justifies the 

effectiveness ofthe Raschig ring remediation 

The experimental results were divided into two processes (1) a mass transfer 

model to relate the effects ofthe ultrasonic agitation versus contaminant removal and(2) 

an ion exchange model for batch separation of the thorium species. The batch ion 

exchange model provides the theory for determination ofthe concentration ofthethorium 

species for an isothermal system The ion exchange process was based on the previous 

works of Overholt[27] and Rainey [26] The success ofthe separations confirmed the 

temperature and solution concentration parameters utilized by Overholt and Rainey. 

4.1 ULTRASONICMASSTRANSFERCORRELATION 

Development of a mass transfer correlation for the experimental ultrasonic mass 

system led to the discovery of a complicated mass transfer process. Experimental 

equipment limitations of the ultrasonic system (i e., single frequency and power level) 

prevented an m-depth study ofall the mass transfer effects that resulted from the use of 

ultrasonics combined with the various solvent mediums However, a detailed 

development ofthe ultrasonic theory is presented in Appendix C,which providesthe basis 
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for further study into the effects of ultrasonics on mass transfer A relationship is 

developed from the ultrasonic theory and dimensionless mass transfer correlations. This 

relationship was used to hypothesize the effects of changing ultrasonic intensity and 

frequency 

From ultrasonic theory (see Appendix C), a turbulent dimensionless number that 

provides a ratio of the difiusivity of momentum to the difiusivity of mass due to 

ultrasonics is the turbulent Schmidt number. 

Sc,=^ (411) 

Where, 

Sct = turbulent Schmidt number 

Euv = ultrasonic eddy viscosity 

Ed = eddy diffusion coejBBcient 

A Reynolds number for the ultrasonic system can also be developed by using the 

induced sound velocity,c,from EquationC38(Appendbc C). 

Re=̂  (4 1.2) 
K 

Where, 

Re = ReynoldsNumber 

c = induced sound velocity 

D = characteristic length 
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K = Kinematic viscosity,cm^/s. 

The Sherwood Number is a ratio ofthe masstransfer velocity and the molecular difiusion 

velocity and can be expressed as a function ofthe Reynolds Number and the Schmidt 

Number[28], Furthermore,the Sherwood Number is a proportional to the mass transfer 

coeflBcient. 

,S7jocRe"&^ (4.13) 

Where, 

Sh = Sherwood Number 

= Reynolds number 

ScP = Schmidt number 

With the derived Sherwood relationship the qualitative effect ofvarying thefrequency 

can be approximated to show that the mass transfer coeflBcient will increase linearly with 

increasing frequency as detailed in Appendix C 

However, when the cavitation pressure is achieved the mass transfer coeflBcient 

would be expected to deviate from this relation. Along with the assumption that 

cavitation would increase the contaminant removal rate, the mass transfer coeflBcient 

would be expected to increase substantially 

Although the limitations ofthe experimental equipment prevented validation ofthis 

theory, because the frequency and amplitude could not be varied, the data do show that 
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ultrasonic energy has a large effect on the mass transfer rates. The lack ofexperimental 

data provides excellent opportunity for future studies but the available ultrasonics was so 

effective for this application that there was no programmatic justification for more 

extensive studies 

4.2 BATCHIONEXCHANGEMODEL 

4.2.1 Batch Ion Exchange System 

The design equation for a constant volume batch system begins with a general 

mass balance 

massofA massofA massofA adsorbed 

adsorbed fed mass ofAfed 

mass ofA 
= [Cao] [X]

adsorbed 

The mass ofA that remains in the batch reactor after time t, can be expressed in 

terms ofCao and X 

mass of A mass of A 
mass of A 

initially fed that has been 
in reactor 

to reactor at adsorbed onto 
at time t 

t=0 ion exchange resin 

[Ca] = [Cao] - [Ca.X] 

Therefore,the massofA adsorbed onto the ion exchange resin can be expressed by. 
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(421) 

WhereX relates the mass A adsorbed to the mass ofA fed. This relationship for the 

adsorption is given by the following ratio 

massAadsorbed ra o 
X- r A t^ 

massof Afed 

The mass of̂ at time t can be expressed m thefollowing differential form 

=r. (423)
dt ^ 

For constant volume Vi, integration ofEquation423 leads to the solution for the time, t, 

ofadsorption ofspeciesA onto the ion exchange resin, which is given by 

rCÂ  ^424) 

For the solutes generated from the remediation ofthe borosihcate Raschig rings, 

the system was modeled as adsorption or exchange ofa single thorium-nitrate complex 

with a nitrate ion This assumption was made on the basis ofthe relative concentration 
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differences ofthorium to the other species in solution,Cn»'^(^Aiisohues(Table 3 1) In 
ExceptTh 

addition, the excess ion exchange resin used for the adsorption phase and the higher 

affinity of the thorium complex for the adsorption sites relative to the other species 

provides a basis for a simplified model 

Theisotherm for adsorption ofspecies^in a nitric acid system is given by 

A-+RNO^ •A+NO; (4.25) 

Thorium, as the dominant species, exists in many ionic forms, however,a direct reference 

to the various ionic forms was not found but the background information that was 

identified provided sufficient information for the separation to be successful[26,27] The 

net rate of adsorption is equal to the rate of molecular attachment to the ion exchange 

resin sites minus the rate ofdetachment over a given surface area, which is also equal to 

the concentration change in the bulk fluid medium and is given by[29] 

>-.=^S'^.)=K,A,WXC.-C) (426)
at 

where.S/is the overall mass transfer coefficient and As is the surface area ofthe resin 

Ifthe loading on the ion exchange resin is small with respect to the mass ofthe ion 

exchange resin and the loading is essentially complete,then is in effect zero 
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From Equation423,the rate ofadsorption can be shown as 

^427) 

Equation428can be integrated to yield, 

f'̂ =\'El^^dt (428) 

with the initial conditions that when /=0,thenQ-Cao Equation4210 yields, 

lti^=k( (429) 

where k is an effective mass transfer coefficient that combines the effect of the surface 

area ofthe ion exchange resin, the volume ofthe liquid, the weight ofthe species, and the 

film mass transfer coefficient 

The concentration ofspecies A at any time in solution can be determined by taking 

the natural log ofboth sides and solving for Ca 

C,=C,,e-" (4210) 
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In determining the overall masstransfer coefficient,a relationship can be expressed 

between the film masstransfer coefficient, kf, and the solid masstransfer coefficient,k. 

—= (4.2 11)
Kf kf \5K,D, 

where kfis the film mass transfer coefficient and is given by 

—=5d(L_£)+Z^ (4.2.12)
kf V e 2k 

The solid masstransfer coefficient can be predicted for spherical particles by using the 

apparent diffiasivity ofthe solute through the solid particles bythefollowing[29]; 

(4213) 

These relationships provide a means to estimate the mass transfer coefficients and 

evaluate the effects ofvariations in resin concentration Fundamentally,this approach was 

applied in determining the optimum resin concentration for rapid adsorption of the 

thorium in the batch process as shown in Figure 3 10. However, extensive 

experimentation on the effects ofthe mass transfer coefficient was not performed as the 

objective ofthe project wasobtained. 
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5. ECONOMICANALYSIS 

Cost comparisons for (1) an industrial scale nitric acid/ultrasonic Raschig ring 

remediation system,(2)an industrial scale surfactant/ultrasonic Raschig ring remediation 

system, and(3)an alternative treatment process using an existing high-level radioactive 

waste plant were made by calculating the"future costs"ofeach plant based on a plant life 

offive years[30] During that time, the mobile unit could treat -35,000 ft^ ofRaschig 

ring waste The cost estimates are based on mobile treatment systems that would 

eliminate the requirements for significant facility site preparation. Costs ofpost treatment 

ofwaste generated were estimated in the disposal costs The inflation rate was assumed 

to be at 5% per year However, it should be noted that these cost estimates are 

preliminary approximations and should be used only for comparison purposes with other 

alternatives. 

5.1 DESIGNBASES 

The following tables provide the design basesfor the ultrasonic/nitric acid Raschig 

ring remediation process and the ultrasonic/surfactant Raschig ring remediation process 
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Table 5.1 Ultrasonic/Nitric Acid Process System Design Bases 

Bases Specification Base Estimate 

Unit Type Mobile Unit 

Unit Life 5-years 

Processed Waste Volume 7,000flV 
(1,000 drums/yr) 

Operation Inflation rate 5% 

Interest rate 12% 

Equipment 
Ultrasonic Tank 100 gallons $250,000 

Filters,Piping,&Installation 2-5 micron filters $385,000 
IonExchange Column 0.3 m^ $250,000 

Secondary Waste &Storage 2-500 gallons $20,000 
Tanks 

ExhaustFan 800ft̂ /hr $150,000 
Virgin Feed Materials 

Nitric Acid 300Ib/yr 

NaOH 500 gal/yr 
Ion Exchange Resin 20ftVyr 

Waste Streams 

Drums 1,000low level radioactive waste Not costed 

Liquid Waste 2,000 gallons/yr $250,000 
Resin 20ftV $10,000 

Raschig Rings&Sludge 4,000ftV $800,000 
Services 

Utilities Electrical, water $50,000 
Maintenance $115,000 

Analytical Per waste acceptance criteria $800,000 
Labor Per AppendixD 
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Table 5.2 Ultrasonic/Surfactant Process System Design Bases 

Bases Specification BaseEstimate 

Unit Mobile Unit 

Plant Life 5-years 

Processed Waste Volume 7,000 fl'/yr 
(1,000 drums/yr) 

Operation Inflation rate 5% 

Interest rate 12% 

Equipment 

Ultrasonic Tank 100 gallons $250,000 
Piping&Installation $287,500 

Pulverizer Crush Raschig rings $175,000 
ExhaustFan 800ft̂ /hr $150,000 

Virgin Feed Materials 

Surfactant 1,000 gal/yr $4,000 
Waste Streams 

Drums 1,000low level radioactive waste Notcosted. 

Salt Cake 4,300 ft3/yr $758,500 
Raschig Rings 2,800ftV $140,000 

Services 

Utilities Electrical, water $50,000 
Analytical Per waste acceptance criteria $800,000 

Labor Per AppendixD 

5.2 COSTESTIMATEFORINDUSTRIALSCALEULTRASONIC/NITRIC 

ACIDRASCHIGRINGREMEDIATIONPROCESS 

An industrial scale Raschig ring remediation process would need to be mobile to 

allow ease ofsite location near the source ofthe contaminated Raschig rings. This would 

reduce the total shipment costs, facility installation costs, and site impact costs The 

variation in contaminants from site to site would probably result in variations in the 

process flow diagram to optimize the process Therefore,the final process flow diagram 
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should be based on nominal sizes to meet the design parameters ofa mobile system(i.e, 

trailer or vehicle size). 

For the proposed nitric acid/ultrasonic treatment system, scale-up to a bench-top 

or pilot design would likely require an ion exchange column, as shown in Figure 5.1. 

Preliminary design and experimentation was developed for such a system Howeverin the 

laboratoiy studies, a large pressure drop across the ion exchange column resulted in an 

excessive amount oftime to perform the separations. The time to perform the columnion 

exchange separation in the laboratory resulted in an excessive radiological exposure to the 

operations personnel The combination ofthesetwo difficulties led to the development of 

the batch ion exchange separations. The batch separations could be performed more 

safely without continuous observation ofthe experiment;therefore, reducing radiological 

exposure to the operations personnel. 

The large pressure drop associated with the laboratory column ion exchange 

studies was the result ofundissolved contaminants in the solution The same difficulties 

were encountered with a fluidized bed ion exchange column design developed at a bench-

top scale Project completion prevented further development ofthe ion exchange column, 

however,this did lead to the design requirementsfor a filtration unit in the pilot-scale unit 

Experience hasshown thatthe amountofundissolved particulate in solution is expected to 

be high for remediation ofthe Raschig nngs Therefore, the filtration unit will require a 

simple mechanism to minimize the time for cleaning or replacement ofthe filter elementto 

satisfy the design requirement ofminimizing radiological exposure to the operator 
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An ion exchange column design was chosen for economic analysis as a standard 

industrial method; however, the data from the research support a batch design and 

additional information would be necessary to accurately design a continuous flow colunm. 

The actual pros and cons of a column versus batch ion exchange system are better 

addressed asafunction ofthe wasteto be treated. 

Disposal costs were derived from estimates used for disposal of low-level 

radioactive waste atEnvirocare ofUtah,Inc[31]. Estimatesfor disposal ofexpended ion 

exchange resin were derived from waste acceptance criteria at a local Oak Ridge, TN 

licensed radioactive waste treatment facility(Scientific Ecology Group,Inc.)[32]. Labor 

costs were determined at a fiilly burdened rate of $100/hr (Appendix D). Table 53 

contains overall cost estimates for an industrial scale nitric acid/ultrasonic Raschig ring 

remediation system. 

5.3 COST ESTIMATE FOR ULTRASONIC/SURFACTANT RASCHIG RING 

REMEDIATIONPROCESS 

A process flow diagram ofthe proposed surfactant/ultrasonic remediation process 

is shown in Figure 5.2 The proposed system is a batch design, which simplifies the 

operation The secondary waste generated is limited to the contaminated salt cake A 

basis was assumed to process one thousand drums of Raschig rings per year. A 

conservative contaminated sludge volume of0.0012 ftVring was estimated by assuming 

the center of the Raschig ring was filled with sludge and an approximately 1/8" layer 

coated the exterior ofthe Raschig ring This wasapproximatelytwice the thickness ofthe 

sludge encountered during the remediation studies ofthis project This combined 
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Table5.3 Cost Estimate for Industrial Scale Nitric Acid/Ultrasonic Raschig 
Ring Remediation Process. 

CATEGORY 

Operating Costs 

Labor^ 

Chemicals 

Nitric Acid(300Ib/yr@$085/lb) 

NaOH(500gal/yr@$1.30/gal) 

IonExchange Materials 

ReillexHPQ resin(~20ftVyr@$100/ft^) 

Utilities 

Maintenance 

Analytical Services 

Total+10%contingency 

Capital Costs^ 

IonExchange Column(~0.3 m^ skid mounted) 

Ultrasonic Tank with instrumentation and controls 

Storage Tanks 

Exhaust Ventilation System 

Installation Costs(includes piping and trailer) 

Total+10%contingency 

Disposal Costs 

Liquid Wastes(Dilute 2,000 gal/yr@$125/gal) 

Solid Wastes (Raschig rings@ $50/ft^. Sludge @ 
$200/ft^) 

Ion ExchangeResin(20ftVyr@$500/ft^) 
Total+10%contingency 

Note 1 Costsfor years3-5canbe estimated by applyinga5%escalation 
Note 2.Laborcosts are detailed in Appendix D. 
Note3 CapitalizaUon costs were esUmated at12%interest per AppendixD 

$/year 1 $/year 2^ 

1,400,000 

255 

650 

2,000 

50,000 

115,000 

800.000 

2,604,696 2,734,930 

350,000 

250,000 

20,000 

150,000 

385.000 

1,270,500 

250,000 

800,000 

10.000 
1,166,000 1,224,300 
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with a 20% estimate of solutes in the surfactant results in a volume estimate of-4,300 

ftVyr ofsalt cake An additional pulverization operation is added to reduce the volume of 

the Raschig rings This results in approximately a 60% reduction in volume of the 

Raschig rings Cost estimates for the surfactant/ultrasonic Raschig ring remediation 

process are given in Table54 

5.4 ALTERNATIVE PROCESS TO REMEDIATION OF BOROSILICATE 

RASCHIGRINGS 

For project completeness,an alternative process is discussed for disposal/treatment 

ofradioactively contaminated Raschig rings Currently, there is in operation a high-level 

radioactive vitrification process at the U.S. Department ofEnergy Savannah River Plant 

(SRP)in Aiken, South Carolina The process is based on high temperature treatment of 

high-level waste while glass formers are added to the waste stream to produce a solidified 

glass matrix that encapsulates and bonds the radioactive contaminates Borosilicate glass 

has been selected as the optimum choice for the glass matnx feedstock[33] Therefore,it 

is apparent that after proper sizing the radioactive borosilicate Raschig rings could be 

blended into the glass former feed Furthermore, the process is in operation, the 

disposal/treatment costs of the Raschig rings would only be incremental and not fiilly 

burdened by the outlay ofcosts presented in the previous processes 
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Table 5.4 Cost Estimate for Industrial Scale Surfactant/Ultrasonic Raschig Ring 
Remediation Process. 

CATEGORY $/year $/year' 

Operating Costs 

Labor(20% reduction for simpler process)^ 

Chemicals 

Surfactant(1000 gal/yr@$400/gal) 

Utilities 

Analytical Services 

1,120,000 

4,000 

50,000 

800.000 

Total+10%contingency ^^^ 2,279,970 

Capital Costs^ 

Ultrasonic Tank with instrumentation and controls 

Pulverizer 

Exhaust Ventilation/Off-Gas Treatment System 

Installation Costs(includes piping and trailer) 

250,000 

175,000 

150,000 

287.500 

Total+10%contingency 948,750 

Disposal Costs 

Liquid Wastes(no secondary liquid waste generated) 

Solid Wastes 

(salt cake@$~175/ft^,Raschig rings@$50/ft^) 898.500 

Total+10%contingency 

Note 1 Costsfor years3-5can beestimated by applyinga5%escalation 
Note2 Laborcosts are detailed in AppendixD 
Note3 Capitalization costs were esUmated at 12%interest per AppendixD. 

988,350 1,037,768 
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Insufficient information was available to determine the incremental costs 

However, an assumption was made for a capital modification of ~$250K to provide 

grinding equipment to prepare the borosilicate Raschig rings for appropriate feedstock 

The labor could also be substantially reduced to an incremental cost of~25% or one full 

time equivalent($280K)ofthe surfactant/ultrasonic process Additional costs associated 

with the SRP option include the potential costs ofpackaging and shipping the wastes and 

expenses from SRP to receive and treat the wastes Since these costs involve SRP 

policies and depend upon costs to change the large existing facility operations,an accurate 

assessment of costs for this option is beyond the scope of this study but the option is 

mentioned herefor completeness ofother potential alternatives 

The designs for ultrasonic remediation processes provide a basis Ifrom which to 

determine the overall potential cost savings ofusing the existing vitrification process at 

SRP. In addition, for waste streams that are not acceptable at the SRP the ultrasonic 

remediation processes provide an alternative for mobile treatment and volume reduction 

ofhighly contaminated Raschig ring waste streams 

5.5 COST COMPARISON OFPROPOSED RASCHIGRING REMEDIATION 

SYSTEMS 

Cost comparisons of the nitric acid/ultrasonic system versus the 

surfactant/ultrasonic system are summarized in Table 5.5 The systems were compared on 

the basis of yearly operating costs, capital investment costs, and yearly disposal costs 

Thefuture value ofthe initial capital investment costs were determined over a five year 
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Table 5.5 Cost estimate comparison of Nitric Acid/Ultrasonic System to 
Surfactant/Ultrasonic system. 

Cost Summary 

$/vear 1 

Nitric Acid/Ultrasonic System Surfactant/Ultrasonic System 

Capital Costs 1,270,500 948,750 

Operating Costs/yr 2,604,696 2,171,400 

Disposal Costs/yr 1,166,000 988,350 

Total Yearly Costs 5,041,196 4,108,500 

Future Value Costs 

$/vear5 

Nitric Acid/Ultrasonic System Surfactant/Ultrasonic System 

5-Year Operating and 20,835,476 17,459,613 
Disposal Costs(5% 
Inflation/yr+10% 
contingency) 

5-YearFuture Capital 1,631,354 1,218,219 
Costs at Startup in 2000 

Total Value Capital 22,477,741 18,644,618 
CostsPlusDisposal 
Costs($/year5) 
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Table 5.5(continued) 

Cost Savings 
(5 year basis) 

NoRemediation ofRaschig Rings 

Nitric Acid/ Low-level Transuranic 

Ultrasonic System Radioactive Waste Radioactive Waste 

Surfactant/Ultrasonics 3,833,000 (17,769,000) 7,605,000 
Versus Alternatives 

expected operating life of the project. No credit for depreciation recovery costs or 

salvage value was taken at the end of the project life due to the probability that the 

equipment would be radioactively contaminated and become a liability for disposal. 

Furthermore, an assumption was made that the decontamination and demolition costs 

would be equivalent for each system A summary for the formulas used in the economic 

analysis is given in AppendixD 

Results ofthe cost comparison ofthe surfactant/ultrasonic system over the nitric 

acid/ultrasonic system show relative savings ofover $29M for a five-year period. The 

cost comparison is obtained when comparing the capital, operating, and disposal costs to 

the two types of radioactive wastes (low-level and transuranic). Additional benefits are 

obtained from the surfactant/ultrasonic fi"om the integral use ofa safer solvent and simpler 

design. The results show no savingsfor processing low-level radioactive waste;however, 

substantial savings are obtainable by processing transuranic waste An additional 

alternative, as with this project, is the potential recovery ofa product(i e., thorium-229) 

fi'om the waste that could offset the costs ofprocessing 
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6. CONCLUSIONSANDRECOMMENDATIONS 

This study has successfully demonstrated its primary objective to remediate 

radioactively contaminated borosilicate Raschig rings Two relatively simple methods of 

remediation were developed that achieved greater than 99% removal ofthe radioactive 

contaminants, which is below the current transuranic regulatory limit of 100 nCi/g(58 

tiCi/Raschig ring). The first utilized a combination of nitric acid/ultrasonics and ion 

exchange processes. The radioactive contaminants were removed from the Raschig rings 

with nitric acid/ultrasonics, and the contaminants were recovered via ion exchange. 

An alternative process was developed for economic and operational comparison 

The process utilized a combination of surfactant and ultrasonic agitation to remove the 

contaminants The surfactant was then evaporated,to demonstrate volume reduction,to 

form a salt cake,which provided a concentrated solid for disposal 

Both remediation methods were developed on a laboratory scale for a single 

radioactive waste stream Therefore, the results should be applicable to other similar 

waste streams and could be used to provide data for scale-up ofprocessesto a bench-top 

or small pilot plant level 

The success of this project is linked directly to the effects of the ultrasomc 

agitation From the expenmental data, a direct correlation was made to the effects of 

ultrasonics to account for the rapid success ofthe project at remediating the radioactively 

contaminated Raschig rings Basic mass transfer theory was applied to the ultrasonic 
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cavitation system in an effort provide insight into the mechanism of ultrasonic 

enhancements. Follow on research, where the frequency and power can be controlled, 

would be necessary to validate the proposed relationships between ultrasonic eddy 

difrusion and the mass transfer model 

Results from the laboratory studies established fundamental data to support design 

ofan effective remediation process In addition, the potential economic savings from the 

remediation ofcontaminated Raschig ringsand the volume reduction oftransuranic wastes 

were shown to justify further investigation into remediation ofthis type ofwaste stream. 

Application ofa mobile remediation unit would be exceptionally attractive_for locations 

with limited space and at dispersed sites that contain Raschig rings. 

From the economic evaluation, the surfactant/ultrasonic remediation unit offers 

significant advantages over the nitric acid/ultrasonic unit The surfactant/ultrasonic 

system was estimated to be less expensive to operate, construct,and dispose ofsecondary 

waste streams. The batch nature ofthe operation offers a simpler system for operation 

and maintenance. Furthermore, the fewer major components result in a reduced space 

requirement Therefore,this system would be easier to mobilize from site to site. Overall, 

the surfactant/ultrasonic system is safer to operate, more economical to construct, 

produces fewer secondary wastes, and can meet the radiological design intent for low 

exposure to personnel 

The secondary objective to recover thorium-229 from the Raschig rings was 

successful through ion exchange separation with anion and cation type resins The 
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successful recovery ofthe thorium-229 provided the material to continue to support the 

research and development ofalpha radioimmunotherapy 

The experimental provides the basis to continue in both directions ofresearch 1) 

the theory of the mass transfer mechanisms ofthe ultrasonic cavitation system and 2) 

developmentofa bench-scale remediation system. 
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APPENDICES 



AppendixA 

FUNDAMENTALTHEORYOFGAMMASPECTROSCOPY 
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Thefollowing citation was obtained from the operation manualofthe Canberra SU-450 

gammaspectroscopy unit. 

GAMMAINTERACTION WITHMATTER 

There are three primaiy mechanisms ofinteraction ofphotons with matter. These are the 

photoelectric effect, Compton scattering, and pair production. The photoelectric effect 

and Compton scattering involve the interaction ofphotons with the orbital electrons ofthe 

absorber These interactions predominate when the photon energy does not greatly 

exceed 1.02 MeV,the rest mass energy oftwo electrons Pair production involves the 

direct conversion of electromagnetic energy into mass This type of interaction 

predominates with photons ofhigher energy. These interaction mechanisms are illustrated 

in Figure A 1 and described in greater detail in the following sections 

Photoelectric Effect 

The photoelectric effect occurs when a photon interacts with a tightly bound orbital 

electron and disappears. The orbital electron is ejected from the atom with a kinetic 

energy equal to the difference between the incident photon energy and the binding energy 

ofthe electron 

The photoelectric effect is favored by low energy photons and high-atomic numbered 

absorbers. The probability ofthis interaction can be approximated by 

—r or — 

71 



Where: 

2^isforlow energy photons 

Z'isfor high energy photons 

^in the denominator indicates that this process is predominantforlow energy 
photons 

Zterm showsenhancementofthe process with highZmaterials 

The relative importance ofthe photoelectric effect in various absorber materialsfor 

various photon energies is shown in Figure A.2. 
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Photoelectric Effect 

Photoelectron 

Compton Scattering 

Recoilelectron 

Electron 

PairProduction 
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Positron 
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Figure A-1. Mechanism ofinteraction ofphotons with matter. 
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Figure A-2. Probability ofphoton interactions asafunction ofdifferent absorber 
materials and photon energies. 

Compton Scattering 

Compton scattering is the elastic scattering of a photon by an electron in which both 

energy and momentum are conserved. As shown in Figure A-1, the incident photon is 

scattered through an angle and the impacted electron recoils This electron is called the 

recoil electron. Since the recoiling electron acquires some kinetic energy from this 

collision,the energy ofthe scattered photon is less than the incident photon. 
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The energy ofthe scattered photon is calculated bythe following equation: 

ErasiiMev; 

0.51IMeV+E(\-cosO) 

Where 

E" = Energy ofscattered gamma 

E = Energy ofincidentgamma 

0 = Scattering angle 

The 0511 MeV is the rest-mass energy ofthe electron. As seen by the equation, the 

energy ofthe scattered photon is dependent on the angle ofscatter. The probability ofa 

Compton interaction decreases with increasing photon energy and with increasing atomic 

number. This is illustrated in Figure A.2 Figure A2shows that Compton scattering is 

the dominant mode ofinteraction jfrom about0.5 to 50MeV. 

Pair Production 

A photon whose energy exceeds 1 02MeV may,as it passes near a nucleus,disappear and 

its energy reappear as a positron and electron in the process called pair production The 

1 02MeV is the rest-mass energy oftwo electrons,2x0511 MeV Thetotal kinetic 

energy ofthe positron-electron pair is equalto the energy ofthe photon minus 1.02MeV 

Onceformed,the positron and electron move about and lose energy as a result of 

collisions with atomsin the surrounding medium After the positron has slowed down to 

a verylow energy,it combines with an electron and thetwo particles disappear They are 

replaced by two photons each having energy of0.511 MeV These photons are called 
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annihilator radiation Asshown in Figure A2,the probability ofpair production increases 

with increasing energy. 

THESPECTRUM 

The number ofcounts per unit time in a multi-channel analyzer spectrum channel is equal 

to the number of pulses ofa certain height seen by the counting system during the live 

time The peak ofa monoenergetic gamma ideally would be one channel wide. Detector 

and system characteristics result in monoenergetic gamma producing pulses of slightly 

different heights dueto counting noise and slight differences in charge collection. 

The various features ofa spectrum are due to the different interactions or sequences of 

interactions, which occur in the detector. The probability ofa particular spectral feature 

occurring is related to the probability that a particular interaction (or sequence of 

interactions)takes place Figure A.3 showssome spectralfeatures, which may appear in a 

spectrum as a result ofthese interactions 
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Figure A-3. Spectral characteristics 

Typicalfeaturesfound in spectra 

1 Photopeak - The peak which resultsfrom primary photoelectric interactions and other 
sequences ofinteractions which deposit the full energy ofa particular gamma-ray into 
the detector These peaks are used to qualify and quantify the nuclide 

2. Backscatter Peak - This peak results from the 180° backscatter during Compton 
interaction. This peak is typically found between 180 and 250 keV depending on the 
energy ofthe incidentgamma 

3 Compton Edge - This characteristic of the spectrums foxrnd at the energy of the 
photopeak minusthe energy ofthe backscatter peak 

4. Annihilation Peak - Found following positron annihilation. The peak is found at 511 
keV 

5. Multiplets- These are peaks which overlap. 
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6 Compton Continuum - That portion of the spectrum which is produced by the 
scattered gammafrom Compton interaction. The Compton continuum is also referred 
to as the continuum background The counts, which make up this region are not 
considered in the calculation ofthe peak area The number ofcounts in this area will 
affect the minimum detectable activity calculated for the particular peak. 

7 X-ray Peaks - Certain nuclide have decay schemes, which produce X-rays These are 
typically low energy These peaks must be used to quantify certain nuclide, such as 
1-125. Complications can arise during calibrations because ofthe interference ofX-
rays from other nuclide. Special detector caps are required to analyze X-rays 
properly Also, X-rays are produced by the interaction ofthe gamma with material in 
the shielding The72,75,and 85keV fluorescence x-rays oflead are common. 

8 Ge EscapePeaks - When photoelectric absorption occurs,the absorber atom emits an 
x-ray. It is typically reabsorbed with the peak However, if the interactions occur 
near the surface ofthe detector, the x-ray may escape. The gamma produced will be 
the energy ofthe gamma minusthe energy ofthe x-ray. 

9 Environmental Background Peaks - These are photopeaks which are caused by the 
presence ofexternal contamination on the detector or chair, high activity sources in 
the area or airborne radioactivity. 

10 Single Escape Peaks - These result from the escape of an annihilation photon 
following a pair production interaction The energy ofthe peak is 511 keV less than 
the photopeak 

11 Double Escape Peaks - These result from the escape of both annihilation photons 
following a pair production interaction. The energy ofthe peak is 1022keV lessthan 
the photopeak 

12 Coincidence-sum peak - These are photo peaks caused by the simultaneous detection 
oftwo gamma usually from a single nuclide These are predominant in well detectors 
or with extremely high-count rates 

ENERGYCALIBRATION 

In order to determine the amounts and various types of radionuclide in an unknown 

sample, calibrations must be performed to provide a base level for analysis. To identify 

the nuclide or the number ofmicrocurie in the sample, it is necessary to have information 
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on the energy versus channel relationship ofthe ADC,in addition to the peak width versus 

energy relationship ofthe peaks 

The energy calibration provides thefollowing 

Energy-Channel Relationship 

The amplifier gain and ADCzero adjustments are adjusted to modify the amplitude ofthe 

pulses so that the peaks fall into the appropriate channels. These adjustments must be 

selected so that the peaks of interest will be registered within the available number of 

channels. 

The typical energy calibration, for the 4096 channel Ge spectrum, is 0.5 keV/channel. 

This is based on a maximum energy of 2000 keV If other maximum energies are 

appropriate to the application then other gains may be applicable Caution should be 

taken notto spread outthe spectra to a point where the peaks are flattened excessively 

Once this general setup is established a source of knoAvn energies is collected. The 

relationship between the centroid ofthe peaks and the channels in which they appear are 

plotted A curve is fitted to this line and the energy ofany unknown peak can be taken 

from this curve as illustrated byFigure A4. 
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Figure A-4. Energy calibration curve. 

To properly energy calibrate an ADC the source used should have the following 

properties 

Energies which span the full range of interest Due to the slight non-linearity of 
detector systems,the curve should not be extrapolated past the end-points 

2 The source strength should be suflBcient to produce statistically significant peaks in a 
reasonable counttime 

3 Peaks selected for the calibration should be well-defined singlet peaks. 

4 The source should not be placed directly against the face ofthe detector At least a 
few millimeters should be allowed to prevent complication ofthe spectra 
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Full Width atHalfMaximum 

The Full Width at HalfMaximum(FWHM)is a measure ofthe width ofthe peak at half 

its maximum height Figure A5 illustrates the FWHM and the FWTM (Full Width at 

Tenth Maximum) These parameters define the shape ofthe peak. 

a.tg 

Si ^ 
£ "a 
a^ 
o<S 
"g© .2rM FWHM 
a> A 

en1 ^ 
3"3 
Sc a 

Tailmg 

Pulse Height(H) 

Figure A-5. FWHM,FWTM,and tailing 

There are threefundamental causes ofpeak broadening in the spectrum. 

1 Statistical fluctuations in the charge (or number of scintillations) produced 
fi-om eventto event This is the most significant contributorto the resolution 

2. Electronic noise 

3 Variationsin charge(orlight)collection efficiency. 
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In addition to these fundamental contributors, a consideration in the real world is that of 

instrument drift. Ifany instrument m the signal chain drifts during the collection ofthe 

spectrum, an additional broadening of the observed spectral peak will result. This is 

especially true during long counts 

In spectral analyses,theFWHM is also used to determine ifpeaks are overlapping When 

overlapping occurs,the width ofpeak is used to determine which portion ofthe total net 

area should be attributed to each peak. The FWHM increases with increasing gamma 

energy 

The FWHM is also used as a measure ofthe resolution ofa detector. When used for 

resolution determination, the FWHM is measured under specific conditions, such as, 

source to detector distance, gamma energy, and intensity Detectors are related on this 

parameter 

FWHM is usually expressed in channels or keV Resolution for germanium detectors is 

expressed in terms ofFWHM. The smaller theFWHM or resolution,the more easily you 

can distinguish between peaks ofsimilar energies Although the FWHM increases with 

gamma energy, the resolution becomes better with higher gamma energy Increasing the 

gain ofthe detector will typically increase the FWHM The width ofthe peaks generally 

increases as the energy of the gamma increases. Then Ge peaks are considered, the 

tailing, or deviation fi-om the Gaussian shape, is also measured. The tailing on the low 

energy side ofthe peak is most prominent and is most often considered 
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GAMMASPECTRALANALYSIS 

Once the spectroscopy system is energy calibrated analysis of spectrum energies can be 

accomplished Peak locations can be determined and compared with library energies to 

determine what radionuclides are present. To determine the quantity, i e. activities, ofthe 

nuclide further analysis ofthe spectral peaksis required. 

Calculation ofNetPeak Area 

It is necessary to determine the net peak area, rather than merely total the counts in each 

channel The total integral under a peak represents both counts arising from the full 

disposition ofthe energy ofthe gamma ofinterest and the random pulses caused by the 

Compton scatter ofhigher energy gamma Peak energy determination can be facilitated 

be selecting a region ofinterest where there is obviously a peak This will temporarily 

eliminate considerations ofminimum detectable activity and multiplets. 

Region ofInterest 

The general shape ofthe peak is'Gaussian' This is a bell shaped curve that is shown in 

Figure A6. The peak is determined to begin at the first positive change ofslope and end 

at the second positive change in slope Obviously,slight differences in the channel heights 

may cause slight deviation from this 

Since the fraction of the peak area at or near the background channel is very small 

choosing one channel as opposed to the next will not change the peak area significantly. 
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This is especially tme for well-separated peaks. In Ge spectrum the centroid ofa singlet 

peak is usually obvious. This will be used in determining theFWHM and the energy of 

the peak. 

Net Peak^ 
Area . 

Integral 

Figure A-6. Determination ofnet peak area. 

Once the region ofinterest is selected we can determine the background area as follows. 

The example calculation and the methodology described in Figure A.6 is used here. The 

background is estimated by finding the average height of the background channels and 

multiplying it times the number ofchannels in the peak. The average height is calculated 



from the4 channels immediately preceding and immediately following the peak channels 

The number may vary depending on the proximity ofother peaksin the spectrum. 

W=Width ofbackground in channels 

H=Heightofbackground 

The height ofthe background is calculated by taking 2-4 points on each side ofthe peak 

Example: (Assume4points on each side) 

= W*H 

Where 

^LgKG = total numberofbackground countsin the(4)channels on the left hand 
side ofthe peak. 

^^BKG = total number ofbackground countsin the(4)channels on the right 
hand side ofthe peak 

Calculate the NetPeak Area 

The counts in each channel in the selected region ofinterest are totaled. This is referred 

to asthe integral Thefollowing equation is used to calculate the net area. 

Area=Integral-Background 
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Determine the Energy ofthePeak Centroid 

The gamma spectroscopy software or microprocessor ofthe multi-channel analyzer will 

produce an equationforthe energy/channel relationship similar to the one thatfollows. 

Energy(keV)=C+B(ch)+A(ch)^ 

Some software packages may add a cubed term ifa sufficient number ofpeaks were used 

in the calibration 

This equation should be reviewed when the calibration or autocalibration is performed. 

Each value has limits. Some typical limits are listed below The exact limits for each 

facility will vary 

1. C=the offset This should be close to zero. 

2 B = the gain in keV/channel A typical value is 0.5 for germanium systems 
with4096channels ofmulti-channel analyzer memory. 

3. A = the nonlinearity This number should be less than E-7 for germanium 
systems. 

Determining Full Width atHaifMaximum(FWHM) 

FWHM is measured on the calibration spectrum during the calibration. Once the 

calibration is established the peaks in the subsequent spectra are judged against the 

calibration values The FWHM is a standardized measure ofthe width ofthe peak It 

typically varies directly with increasing energy 
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An increase in the size ofthe FWHM is a possible indication ofinterference from other 

peaks, which are very close in energy to the photopeak Depending on the resolution of 

the detector, peaks in the multiplets must be separated by a specified number times the 

FWHMto be identified as separate peaks 

The FWHM is estimated by determining the maximum height of the peak (not the 

integral). The maximum height can usually be found at the centroid. The number of 

channels between the charmels which represent halfofthe maximum height ofthe peak on 

each side ofthe centroid are determined. TheFWHM in channels can be converted to 

energy once an energy calibration is established. 

EFFICIENCY CALIBRATION 

Atthis point the following is known aboutthe peak' 

Centroid Energy 
NetPeak Area 

Collect Time 

The eflhciency calibration will relate the numberofcounts,which arefound in the net peak 

area to the number ofgamma being emitted from the source This accounts for the fact 

that some ofthe gammas emitted from the source are emitted in directions, which never 

reach the detector. Of those that reach the detector, many do not interact with the 

photoelectric interaction and thus result in pulses underthe photopeak Figure A.7shows 

a typical efficiency calibration curvefor a Ge detector. 
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Figure A-7. Typical efficiency calibration curve 

In addition to the characteristics ofan energy calibration source the efficiency calibration 

source should 

1. Be configured as closely to the expected unknownsas possible. 

2 Have certified activities 

3 Be collected long enough to have at least 20,000 countsin the net peak area 

4 Contain peak energy at the designated crossover point 

5 Be prepared so asto preventleakage or plate-out ofthe contents. 

6 Not create a dead timeforthe system significantly above that which isfound 
with unknowns or abovethe limits ofreliable counting. 
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Calculation ofthe Efficiency 

The efficiency is calculated individuallyfor the designated energies within the calibration 

standard. Thefollowing equation is used. 

. Counts/sec
Efric(c/gamma)= 

gammas/sec 

The standard must be decay corrected to the count date when manually calculating the 

efficiency. The efficiency is calculated for each peak in the calibration spectrum These 

are plotted on the log-log plot againstthe energy. The exact shape ofthe curve may vary 

but these curves generallyfollow the shape shown in FigureC7 
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APPENDIXB 

EXPERIMENTALDATA 



BATCHEQUn^miHUMDATA 

And 

EXPERIMENTALPROCEDURE 
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The following tables contain the experimental data for the anion and cation batch 

experiments for recovery ofthorium The anion ion exchange data is represented by the 

sample code BT The cation ion exchange data is represented by the sample code CAT. 

The anion flowsheetfor the subsequent samples is asfollows. 

75N Feed 

Solution 

-> Sample 

7.5N Nitnc Acid 

Flush 

-*■ Sample 

O.INEIutaon 

■> Sample 

Filtrataon 

0.1 N Elution 

-> Sample 

Filtration 

Figure B-1. Batch anion ion exchange thorium recovery flowsheet. 
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While,the cation flowsheetforthefollowing samples is represented by. 

0.1N Feed 

Solution Filtration 

Sample 

0.1N Cation 4.5M NH4AC
Adsorption 

Elution 

-> Sample 

1.5N Flush Filtration 

-► Sample 

Filtration 

4 5M NH^Ac 
Elution 

-> Sample 

Figure B-2. Batch cation ion exchange thorium recovery flowsheet. 
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1 

GeneralExperimental Raschig Ring Remediation Procedure: 

Equipment 

♦ 500 ml beaker ♦ nitric acid or surfactant 

♦ ultrasonic sink ♦ 0-100°Cthermometer 

♦ gravity filtenng device ♦ scintillation vials 

♦ EG&GNOMAD gamma spectroscopy ♦ 1 ml pipette 
unit 

♦ stopwatch ♦ plastic bags 

Procedure 

Taketwo Raschig rings contained in sealed plastic bags(e.g,scalable sandwich bags) 
and countthegamma activity forthorium-229isotopes(i e., 193 keV and 210keV)to 
determine the total curie activity ofthe sample 

2 Place approximately 200 mlofsolvent(ie,nitric acid or surfactant)into a500 ml 
beaker. 

3 Place beaker into ultrasonic sink and turn power on to ultrasonic sink. 
4 RemoveRaschig rings from sealed bag and place sample into beaker,while starting 

stopwatch 
5 Using 1 ml pipe, pull 1mlsamples per specified time intervals and place samplesin 

scintillation vials 

6 After completion ofremediation,turn power offto ultrasonic sink and remove 
Raschig ringsfrom beaker and place in sealed plastic bag 

7 Perform gamma spectroscopy on 1 mlsamplesto determine thorium-229 
concentration The total thorium-229 concentration is determined bythe product of 
the thorium-229 concentration per ml and the total volume(ml)ofsolution in the 
beaker at the time ofthe sample 

8 Perform gamma spectroscopy ofremediated Raschig ringsto determine total activity 
removed 
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AppendixC 

Ultrasonic Theory 



Development ofa mass transfer correlation for the experimental ultrasonic system 

led to the discovery of a complicated mass transfer system Experimental equipment 

limitations prevented an in-depth study ofall the mass transfer effects that resulted from 

the use ofultrasonic combined with the various solvent mediums. However, a detailed 

development ofthe ultrasonic theory is presented, which provides the basis for further 

study and future study A relationship is developed from the presented ultrasonic theory 

and dimensionless mass transfer correlations. This relationship is used to predict the 

effects ofchanging ultrasonic intensity and frequency. 

The application of ultrasonic cleaning requires a fundamental review of wave 

theory and the effects that lead to cavitation. The particles in the ultrasonic medium 

commence a vibratory motion from the induced sound wave Therefore, the particles 

possess kinetic energy. An energy balance on a volume elementimderthe influence ofthe 

ultrasonic wave isshown in Figure C.1. 

Ultrasomc T 
A 

Source 

1 / 
1 1 
dx 

Figure C.l. Control Volumefor Ultrasonic Medium 
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Then the kinetic energy ofthe volume is given by: 

KE=-(pAdxy (C.l) 
2 

The energy ofthe wave Et can be obtained by integration ofEquation C.l to yield the 

followmg. 

E,=^pAxv^ (C.2) 

The energy density per unit volume(i e,energy density,E)is given by 

• (C.3) 

The energy density can be related to the intensity,/, by assuming that the sound energy 

passes through a unit area with a velocity ofc, 

l=Ec (C4) 

wherecis the product ofthe frequency and the wavelength 

Then from EquationC3,the intensity is defined by, 
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/=i^v= (C5) 

The application of the acoustic wave pressure, Pa, will cause the particles 

suspended in the medium to be displaced in the direction ofthe wave. For a given finite 

element,the sound wave with a velocity c will pass a distance in dx/c seconds. Therefore, 

the acceleration of the particles in this volume element will be approximately vc/dx 

(velocity/time) Consequently, the relationship ofthe force applied to the particles in the 

same element can be derived from the acoustic wave pressure 

=̂pc (C6) 
V 

For maximum particle velocity, Vo,the amplitude ofthe oscillating acoustic pressure.Pa is 

given by the expression 

=̂fX (C7) 
o 

or 

=:2l (c8) 
pc 
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Thus,the intensity ofthe sound wave from Equations C.5 and C8 is proportional to the 

square ofthe acoustic amplitude 

The relation for the intensity,/,at some distance,d,from the source is expressed by 

/=/„exp(-2ad) (C.10) 

where a is the absorption (attenuation) coefiBcient. Attenuation is the consequence of 

reflection, refraction, diffraction, or mechanical conversion to heat. According to Stokes, 

the absorption coefiBcient in a liquid as aresult offiictional losses, ocs, is given by 

a,=ZTj^n'^ p/3fx:^ (C 11) 

where rjs is the ordinary(or shear)viscosity ofthe liquid[34] 

Kirchoffhas suggested that energy losses due to heat(thermal)conduction in the 

medium must also be considered During instances ofhigh pressure,temperatures will be 

elevated above mean temperature, while during low pressure, temperatures will be below 

the mean temperature[35], This results in a sound absorption coefiBcient given by: 
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a..=2!r'K^!' (C12) 

The absorption as a result ofviscosity and thermal conductivity is referred to as classical 

absorption, Oci, and is given by 

(C.13) 

where C/Cv= y 

The effect ofthe compressional viscous forces, which act during compression and 

rarefaction, is associated with the bulk viscosity, tjb Equation C 13 then becomes the 

following. 

2 /•2iK^f 4 (y-\)K\ /niA\ 
a= 

pc" 

The bulk viscosity, t]b, in Equation C 14 refers to viscosity effects that are a result of 

energy losses associated with the flow ofliquid molecules between positions ofdifferent 

densities and the relaxation processes. Overall, the effect of viscosity on the medium 

results in an increase in the acoustic pressure required to induce cavitation 
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The subsequent relationship is the determination ofthe critical pressure,Pk,to the 

bubble radius,Re Fora bubble in a given medium to remain in equilibrium,theforcesthat 

act on the bubble walls must be equivalent For the case of expansion, the bubble 

pressure, Pbub, will be a result ofthe sum ofthe trapped gas and vapor pressure in the 

bubble,such that' 

(C15) 

For the case of contraction the pressure, Pl, is the combined effect ofthe hydrostatic 

pressure,Ph,ofthe medium and the surface tension effect given by. 

PL~Ph'^ n 

At equilibrium, the pressure associated with the liquid,Pl,equals the internal pressure of 

the bubble,Ptub-

2o-
P>.+—=P^+P, (C17)

P. 

A change in the hydrostatic pressure, +AP^, will result in a differential 

change, dR, in the equilibrium radius. Re, to a new bubble radius R With a simplified 
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assumption ofideal gas behavior, the new gas pressure, /^= +AP^,inside the bubble 

is a ratio ofthe radii and the new bubble pressure, and is given by 

(C.18)^bub ~ ~ 
\R 

Expansion ofthe bubble will decrease the surface tension effects. Therefore,the effect of 

this decreased surface tension on the new liquid pressure, P^,is given by 

(C.19) 

Ifthe bubble is to maintain equilibrium then Pi = Pi,bub 

2o- „Pb+-f=K+Pg=p. (c20) 

This equilibrium establishes the cubic dependence of the bubble radius on the 

hydrostatic pressure of the medium, P^ The critical hydrostatic pressure is achieved 

when a small change in the pressure causes a dramatic increase in R. In other words,the 

bubble becomes unstable and explodes(i e,cavitation) The radius at which this occurs 
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can be tenned the critical radius,Rk, and can be found when dPlldR is practically zero 

This can be estimated by differentiating Equation C.20and equating to zero. 

0=-3^.|-+^ (C21) 

Atthe critical radius,Rif=R,and substitution yields 

(C22) 

Also, at the critical radius,the critical pressure can be denoted asPk,and substituted into 

Equation C.20. 

Follow on substitution ofEquation C.22into Equation C.23 yields 

(C.24) 
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Finally, substitution ofEquation C.17forPg and the assumption ofnegligible effect from 

vapor pressure yields; 

05 

(2a/RJ 
(C.25)Pk =--

3 3(P,+2a/R^) 

From Equation C.25 it is evident that a negative pressure must be applied to 

generate a bubble ofradius R^ With the assumption that the hydrostatic pressure is the 

primary resistance to the formation of cavitation bubbles, the critical pressure can be 

related to the quantity known as the Blake threshold pressure,Pb [36], For relatively 

large bubbles where 2a/Re«Ph, the Blake threshold pressure, Pb, is approximately 

equivalent to the hydrostatic pressure,Ph, 

and for small bubbles where2a/Re»Ph, 

(C27) 
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The effect oftemperature is directly related to the induced effect the temperature 

change has on the surface tension(o)or viscosity(7)of the medium [37] For pure 

compounds,the effect oftemperature on surface tension is given by Jasper[38], 

a=a-bT (C.28) 

wherea and b are empirical constants 

However, the mediums used in the ultrasonic cleamng method become 

contaminated with the particles that are removed from the components subject to 

cleaning This leads to more complicated mathematical estimates for the surface tension 

and error in the Jasper equation Still, the common effect ofincreasing temperature is to 

decrease the surface tension 

In addition, the effect ofincreasing temperature on a liquid is usually to decrease 

the viscosity. A detailed discussion ofvarious methods ofpredicting viscosities is found 

in The Properties ofGases&Liquids [39]. A common equation for estimation ofliquid 

viscosity from thefreezing pointto the normal boiling temperature is given by 

b„j,=A+j (C.29) 

where^4 andB are empirically determined parameters 
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The intensity, amount of energy per unit area, of the ultrasonic wave in the 

medium has a significant ejffect on the overall bubble formation However, for the 

experiments performed to determine the remediation effectiveness ofvarious mediumsand 

temperatures on the Raschig rings, the source intensity was held at a constant fî equency 

of -55 kHz. 

Application ofa mass balance across a stationary volume element proves a very 

difficult equation to solve(Fig C.2). However, derivation ofthe equation does provide 

insight asto the potential effect ofthe induced cavitation rendered by the ultrasonics. 
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(x+Ax,y+Ay^+Az) 

nJAyAz 
^Pa AxAyAz 
at 

r.AxAyAz 
Ay 

► nJrfAx^y^ 

Az 

(x.y^) 

-Ax-

Figure C.2 Control Volume for Species Balance 
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The contributions to the mass balance are. 

time rate of change of mass A in (C.30)^Pa AxAj'Az 
dtthe volume element 

input ofspecies A acrossface x |̂Aj'Az (C.31) 

output ofspecies A across x+Ax n^\ A^Az (C32) 

rate ofproduction ofspecies A by AxAyAz (C33) 

chemical reaction 

The complete Cartesian coordinate mass balance accounts for the mass transport 

in the -x and -y directions. When the full mass balance is divided through by Ax Ay Az 

and the limit is taken as AxAyAz->0 the following partial differential equation is 

obtained 

^Pa I I , dnAz j. (C.34)
dt dx dy dz 

With the convective mass transfer assumed to be the primary method of mass 

transport in the ultrasonic remediation experiments The continuity equation can be given 

by[40]-
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dp \ d j. ^ TT ^ TT 
—= pU^+—pU„+—pU^ (C.35)
dt .dx'̂dy'̂dz^' 

which is obtained similarly as the mass transfer Equation C.34 and must be coupled with 

the mass transfer equation to define the physical environment ofthe ultrasonic medium. 

The complex boundary conditions as a result of the cavitation make explicit 

solutions to Equations C.34 and C.35 very difficult. This is partially a result ofunstable 

bubble formation at the surface, external to the surface, and under the surface of the 

contaminants(Fig. C.3)[41,42]. 

Bubble UnderBubble on Bubble External 
SurfaceSurface Surface 

Figure C.3 Bubble Formation from Ultrasonically induced Cavitation 

Typically, dimensional analysis would be used to nondimesionalize the set of 

transport equations and determine which dimensionless groups control the behavior ofthe 



solutions. From this approach the design for experimental investigation could be 

performed on the system ofinterest. However,this was outside the primary objective of 

the project and an approximation of the mass transport is made from other physical 

systemsthat are similar in nature 

Qi and Brereton [43]have performed detailed derivation ofcontaminant removal 

for ultrasonic systems where the critical pressure has not been achieved. For this case,the 

modes offorce are the plane and focused wave fields induced by the ultrasonic source. 

Therefore, the evaluation ofcontaminant removal is one where the force ofthe induced 

ultrasonic wave must overcome the adsorption properties ofthe contaminants. This leads 

to a correlation ofthe intensity ofthe ultrasonic waveto the adhesion forces 

Following this logic, a mass transfer coefficient and associated nondimensional 

numbersthat model the ultrasonic system with cavitation could be derived as a relation to 

the intensity, I, of the induced ultrasonic field Obviously, this physical system is too 

complicated to be fully defined by any simplistic model. However, significant work has 

been performed on turbulent systems with eddies in the turbulent flow region. This 

concept ofeddies and turbulent flow is applied to the ultrasonic remediation system as 

potentially the most applicable model available 

The typical diffusion coefficient for turbulent mass transfer is the eddy difrusion 

coefficient,Ed,which is given by 
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where, 

nA = Molalflux,gmoles/s-cm^, 

Ca = Concentration ofspecies A,gmoles/cm^, 

y = Space coordinate,cm. 

The total diffusion is the sum ofthe molecular difiusion coefficient and the eddy 

diffiision coefScient However, the insignificant contribution ofthe molecular difiusion 

coefficient is neglected. Typical mass transfer theories, such as Penetration and Surface 

Renewal, apply an expression for the mean-square displacement ofthe particles, after a 

defined time interval, fi-om an initial position. However, the random nature of the 

cavitation caused by the ultrasomcs creates a turbulentflow region which could be similar 

to the eddys produced at the turbulent boundary area associated with the simple mass 

transfer models 

For a turbulent flow system, an eddy viscosity,E^, would be defined as a ratio of 

the shear stress to the mass velocity gradient in the turbulent region For a Newtonian 

fluid,the eddy viscosity can be defined by[28]. 

N 

(C.37) 
y 
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where. 

Shear stress, g/cm^. 

P Density,g/cm^. 

U Time mean velocity in x direction,cm/s. 

y Space coordinate,cm. 

ky Kinematic viscosity,cm^/s 

Typically, turbulent motion is described in terms ofits intensity, which relates the 

magnitude ofthe velocity fluctuations and some defined scale or magnitude ofthe flow 

fluctuations However, for the ultrasonic cavitation system, the turbulent motion is 

described in termsofthe intensity ofthe induced ultrasonic wave. From Equation C.4,the 

intensity is defined by the energy density,E,and the induced sound velocity,c. Wherecis 

given by 

c=Xf (C38) 

where. 

X Wavelength,cm. 

f Frequency,s 
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The relationship ofc to the acoustic pressure,Pa,and the critical pressure,Pk,has 

been associated with the conditions required for cavitation Therefore, the standard time 

mean velocity, U,for turbulent flow is replaced with the induced sound velocity,c. 

Likewise,the kinematic viscosity, v, must accountfor the changes in viscosity as a 

result ofthe ultrasonic wave This was defined in Equation C.14as the bulk viscosity, r]B 

A bulk kinematic viscosity is defined by. 

Vb=— (C.39) 
P 

A mean kinematic viscosity, ,is the weighted average ofthe bulk kinematic viscosity, 

kB,and the kinematic viscosity,k 

The relationships for induced ultrasonic sound velocity, c,and the mean kinematic 

viscosity, , are substituted into Equation C36 to define a new ultrasonic eddy 

viscosity,Ew 

f ^ 

^Uv ~ —+ (C40)
\d{pc)ldy ĵ 

From the eddy difiiisivity and ultrasonic eddy viscosity,aturbulent dimensionless 

numberthat provides a ratio ofthe diffusivity ofmomentum to the difiiisivity ofis the 

turbulent Schmidt number as presented in Section4 1 
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Thefollowing formulas were used to evaluate the cost comparisonsfor the nitric 

acid/ultrasonic system and surfactant/ultrasonic system 

e™ -1S=P-^ (D 1) 

where, 

S = discretelump-sum payments asfuture worth, 

P = present principal(or present worth), 

r = inflation rate percentage,and 

n = number ofyears money is invested. 

Future value ofcapital investment costs were evaluated with thefollowingformula-

FV=Pe" (D.2) 

where, 

FV = future value costs, 

P = present worth, 

r = inflation rate percentage,and 

n = number ofyears moneyis invested. 
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Capitalization costs were estimated with the following formula. 

C 
Capitalized cost=C„+ ^— m3) 

where, 

Cv= Original cost ofequipment 

Cr=Costfor replacement ofthe equipment at end ofuseful life, 

i=interest rate 

Estimatesfor labor costsfor operations were based on thefollowing standards. 

Labor Classification BaseRate($) Burdened Rate($) 
Operator 20 GO 40.00 
Radiological Control 1900 38.00 
Technician 

Health and Safety 30.00 6000 
Superintendent 3000 60.00 
Operations Manager 4500 90.00 
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Determination ofMinimum Massoflon Exchange Resin 

The mass ofion exchange resin is determined on a dry equivalent basis. The mass 

ofresm,for 100%,loading on a dry weight basis for complete adsorption for species A, 

where for this experimental species A was Th^or, ThCNOj)^"" , was determined 

by[44] 

N 
^ (E.l)

DWC ^ ^ 

where, 

Mr = mass ofresin,grams 

= normahty ofspecies.(4, eq/liter 

DWC = dry weight capacity ofresin,eq/kg dry resin 
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