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FOREWORD 

Th i s  i s  t h e  f i n a l  r e p o r t  i n  a series of c o s t l b e n e f i t  s t u d i e s  f o r  

n u c l e a r  f u e l  c y c l e  r a d i o a c t i v e  waste t rea tment  systems. I n  o r d e r  t o  be 

c o n s i s t e n t  i n  a l l  t h e  r e p o r t s  i n  t h i s  series, t h e  c o s t s  are based on 1973 

d o l l a r s  and, except  where noted ,  t h e  methodology and assumptions €or t h e  

r a d i o l o g i c a l  doses are based on ORNL-4992, A Methodology f o r  C a l c u l a t i n g  

Rad ia t ion  Doses from R a d i o a c t i v i t y  Released t o  t h e  Environment (March 

1976), by G. G. Ki l lough and Lar ry  R. McKay. 

The r e s u l t i n g  doses  t o  the  i n d i v i d u a l s  are conse rva t ive  and do not 

i n c l u d e  r e c e n t  i n fo rma t ion  on t h e  s o l u b i l i t y  and p a r t i c l e  s i z e  of materials 

r e l e a s e d  t o  t h e  environment f o r  use  i n  de te rmining  dose convers ion  f a c t o r s .  

T h i s  r e p o r t  c o n t a i n s  h y p o t h e t i c a l  s t u d i e s  and is  not in tended  t o  be a n  

environmental  assessment  of any e x i s t i n g  UF6 p l a n t  where t h e  c a p a c i t y ,  

p l a n t  f eed ,  waste t r ea tmen t  e f f i c i e n c i e s ,  and environmental  parameters  may 

d i f f e r  from t h e  model. 
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CORRELATION OF RADIOACTIVE WASTE TREATMENT COSTS AND THE ENVIRONMENTAL 
IMPACT OF WASTE EFFLUENTS IN THE NUCLEAR FUEL CYCLE - CONVERSION 

OF YELLOW CAKE TO URANIUM HEXAFLUORIDE. PART 11. THE 
SOLVENT EXTRACTION-FLUORINATION PROCESS 

M. B. Sears 
E. L. Etnier 
G .  S. Hill 
B. D. Patton 
J. P. Witherspoon 
S. N. Yen 

ABSTRACT 

A costlbenefit study was made t o  determine the cost and 
effectiveness of radioactive waste (radwaste) treatment systems 
for decreasing the release of radioactive materials and 
chemicals from a model uranium hexafluoride (UFg)  production 
plant using the solvent extraction-fluorination process, and to 
evaluate the radiological impact (dose commitment) of the re- 
leased materials on the environment. The model plant processes 
10,000 metric tons of ui-anium per year. Base-case waste treat- 
ment is the minimum necessary to operate the process. Efflu- 
ents meet the radiological requirements listed in the Code of 
Federal Regulations, Title 10, Part 20 (10 CFR 20), Appendix B, 
Table 11, but may not be acceptable chemically at a l l  sites. 
Additional radwaste treatment techniques are applied to the 
base-case plant in a series of case studies to decrease the 
amounts of radioactive materials released and to reduce the 
radiological dose commitment to the population j.n the surround- 
ing area. The costs for the added waste treatment operations 
and the corresponding dose commitment are correlated with the 
annual cost for treatment of the radwastes. The status of 
the radwaste treatment methods used in the case studies is 
discussed. Much of the technology used in the advanced cases 
will require development and demonstration, o r  else is pro- 
prietary and unavailable for immediate use. The methodology 
and assumptions for the radiological doses are found in 
ORNL-4992. 
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1.0 SUMMARY 

determine the dolla cost nd effectiveness of 

radwaste-chemwaste treatment systems for decreasing the amounts of radio- 

active materials and chemicals released from a model uranium hexafluoride 

(UF6) production plant using the solvent extractionlluorination (SX-F) 
process. A second objective was to estimate the radiological impact 

(50-year dose commitment) of the released radioactive materials on the 

environment. A UFg production facility purifies the semirefined uranium 

ore concentrate, called yellow cake, produced by the mills and converts it 

to UFg suitable for feed to the enrichment plants. 

1.1 Model Plant 

The model UFg plant processes 10,000 metric tons (MT) of uranium per 

year operating on a 300-day-per-year basis. 

plant feed is produced by acid leach mills and 15% by alkaline leach mills. 

About 14,000 Ci of radioactivity, most of which is natural uranium or the 

short-lived daughters 234Th and 234mPa, enters the plant each year. 

tially all the uranium leaves the plant as UFg product. 

234mPa decay on-site. 

of the other radioactive impurities in the plant feed leave the plant as 

nitrates dissolved in the solvent extraction raffinate; this waste is 

treated t o  precipitate the radioactive materials. The radwaste sludges are 

impaunded on-site in Cases 1 and 2 and prepared for shipment off-site to an 

approved repository in Cases 3 and 4 .  The treatment systems for liquid 

fluoride wastes from off-gas scrubbers generate large quantities of chem- 
waste solids containing very low levels (only slightly above background) of 

radioactive materials; these wastes are impounded on-site. The radionu- 

clides of interest are 238U, 235U, 234U, 230Th, 226Ra, 234Th, 234mPa, and 

222Rn. 

Eighty-five percent of the 

Essen- 

The 234Th and 

In the solvent extraction-fluorination process, most 

Off-site releases of radioactive materials consist of airborne dusts, 

radon gas, and both dissolved and suspended solids carried by liquid 

effluents to surface streams. In the most advanced case, there is no 

release of liquid bearing radioactive materials. Settling basins are lined 
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with an impervious, synthetic material to minimize seepage or leaching of 

stored solids by natural waters. 

Two levels of 230Th and 226Ra impurities in the feed are considered--a 

"low-impurity" feed containing 2800 pCi of 230Th and 200 pCi of 226Ra per 

gram of Unat, and a "high-impurity'! feed containing 14,200 pCi of 230Th and 

1600 pCi of 226Ra per gram of U 
the "low-impurity" feed, which is a composite of the yellow cake produced 

by domestic mills in recent years. For comparative purposes the impact of 

a plant processing a "high-impurity" feed, which is the composite product 

of the model uranium mills described in ORNL-TM-4903, is also presented. 

The major emphasis of the study is on nat ' 

* 

1.2 Case Studies and Assumptions 

Waste treatment. Four conceptual case studies and their corresponding 

flowsheets are presented for treating the effluents from the model UFg 

production plant (Sect. 4.0). The waste treatment systems consist of 
methods which (1) reduce the amount of airborne radioactive dusts released, 

(2) reduce the amount of noxious gases released, (3) reduce the amount of 

radioactive materials released in liquid effluents, (4) reduce the amount 
of chemicals released in liquid effluents, ( 5 )  treat liquid streams for 

recycle to the process, and ( 6 )  provide additional isolation of solid 

wastes from the environment. No treatment is provided for radon. The 

general plan is shown in Table S-1. 

in Table 1.1 (page 219). Case 1 represents the minimum treatment necessary 
to operate the process. Effluents are in compliance with the radiological 
requirements listed in 10 CFR 20, Appendix B, Table 11, but may not meet 
the 40 CFR 190 environmental standards or be acceptable chemically at all 
sites. Waste treatment is done principally for uranium recovery and reduc- 
tion of noxious fumes. Case 1 serves as the base for the cost/benefit 

analysis; it does not necessarily describe current industrial practice. 

Case 2 treatment includes secondary bag filters on dust control streams, 

A more detailed summary is presented 

J; 

M. B. Sears, R. E. Blanco, R. C. Dahlman, G. S. Hill, A. D. Ryon, and 
J. P. Witherspoon, Correlation of Radioactive Waste Treatment Costs and 
the Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle 
for IJse in EstablishingAs Low As Practicable" Guides -- - Mi.llin_f: ---- of 
Uranium Ores, ORNL/TM-4903, Vol. I (May 1975). . 
--I_ --.- 



Table S-1. Conceptual vaste treatment case studies 

Case 1 Case 2 Case 3 Case 4 
- 
Level of waste 
t rea tmen t 

Airborne 
effluents 

Liquid nitrate 
vaste 

Liquid fluoride 
waste 

Solid radwaste 

Solid chemwaste 

Minimum, marginally Practical limit of 
licensable technology today 

Primary and sometimes Primary and secondary 
secondary treatment of treatment of all 
process off-gas for process off-gas 
particulates and noxious 
chemicals 

Precipitate radvaste; Precipitate radvaste; 
release nitrate impound nitrate 

Combine with lime-treated Fluoride treatment; 
nitrate waste which recycle KOH streams; 
precipitates fluoride; release water 
release neutralized waste 

Impound on-site Impound on-site 

Impound on-site Impound on-site 

Airborne: limit of technology Not available for immediate use: 
in the public domain; liquid proprietary or in an early stage of 
nitrate: not available for development 
immediate use 

Case 2 plus filtration of Case 2 plus improved filtration of building 
building ventilation ventilation effluent; HEPA filters on 
effluent for particulates process off-gas; more efficient chemical 

usage in process 

Precipitate radvaste: Precipitate radvaste; recover HN03, NHJ, 
biological nitrification/ and water 
denitrification; release 
purified wastewater 

Same as Case 2 Case 2 plus more efficient chemical use 
in process 

Dry and drum (to burial 
ground) ground) 

Impound on-site Impound on-site 

Incorporate in cement and drum (to burial 

I 
f. 
I 
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secondary scrubbers on process off-gas streams, impoundment of the liquid 

nitrate waste, and chemical treatment of liquid fluoride wastes. In 

general, Case 2 represents the practical limits of current technology. 

However, impoundment is only a temporary solution for liquid nitrate 

irastes. Additional costs and doses may be incurred in disposing of the 

nitrate. Cases 3 and 4 add treatments to the building ventilation effluent 

and use methods on the process off-gas which are either proprietary or in 

an early stage of development; thus the systems are not available for 

immediate use. 

nitrate, while in Case 4 the nitrate values in the waste are recovered as 

nitric acid suitable for recycle. Case 4 also includes an evaporator, so 

that there is no release of liquids bearing radioactive materials, and 

incorporates the solid wastes, containing the bulk of the 226Ra and 230Th, 

in cement to provide additional isolation in the event of drum failure. 

Biological denitration is used in Case 3 to destroy the 

The amounts of radioactive materials (the source terms) and chemicals 

released, as well as the solid wastes generated, are calculated for each 

case (Sect. 4 . 0 ) .  The various assumptions made in estimating the makeup 

of the feed to the plant, selecting the flows to the waste treatment 

systems, and determining the treatment efficiency ratings are realistically 

conservative. That is, source terms are based on operating data where 

possible. When such data are not available, assumptions are chosen which 

tend to make the source terms or costs slightly high. 

Doses. The radiological impact (50-year dose commitment, Sect. 7.0) 

for each case is assessed at a midwestern site characteristic of contempo- 
rary nuclear facilities including UF6 production, and at a New Mexico sitr 

to illustrate the effects of siting a plant near the uranium mills. Doses 

are estimated for total body, bone, lung, kidney, gastrointestional (GI) 

tract, thyroid, muscle, spleen, testes, and ovaries. Meteorologic data 

are derived from nearby first-order weather stations, and the population 

distributicn is obtained from census tapes for the regions around several 

midwestern nuclear facilities or western uranium mills respectively. 

Conservative (i.e., maximizing) assumptions are used in defining the move- 

ment of radionuclides in the environment and in selecting food ar,d liquid 

consumption patterns. Estimates are presented of the maximum dose that an 
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adult living 0.5 mile (800 m) downwind from the model U F g  piant might 

receive as a result of exposure to airborne plant effluents for 1 year 
and consuming food produced 0.5 mile downwind of the plant. A 16-ft 

(5-m) release height is assumed, which maximizes the doses. Dose rzduc- 

tion factors which may be applied for other release heights, food produc- 

tion and consumption pathways, and distances from the plant are presented 

(Tables 7.10-7.12). The dose to the total population (person-rem) within 

a 55-mile (88-km) radius of the model plant is estimated. Tne airborne 

radioactive effluents are predominantly particulates. Since most particu- 

lates are deposited on the ground within 55 miles, there is little, if 

any,radiological impact to the population beyond the 55-mile radius. 

Annual dose commitments to individuals from liquid effluents are pre- 

sented on two bases - after dilution in a 15-cfs (0.4-m3/sec) stream,and 
after the 15-cfs stream flows into a 1300-cfs (37-m3/sec) river. Popula- 

tion dose is not estimated for liquid effluents since in a generic report 

it is not practical to predict a population distribution along a river or 

dilution by tributary streams. 

Costs. The total annual costs for reduction of the radiological dose 

commitment and chemical exposure to the population surrounding the model 

U F g  plant are summarized in Sect. 6.0. 

costs for radwaste and chemwaste treatment of airborne and liquid effluents 

The total annual costs include 

plus the cost of storing solids on-site or packaging solid wastes ready 
for shipment off-site. However, they do not include the costs of shipment, 

permanent disposal of solid wastes, decommissioning the plant, process 

changes at the uranium mills to meet new specifications on the chemical 

composition of the U F g  plant feed, or expenditures for the development of 

advanced treatment methods. Costs are estimated in mid-1973 dollars for 

the construction of a new plant to be consistent with other reports in this 

series. The costs do not include redundant (parallel) treatment units to 

ensure continued operation of complex systems in case one of the units 

should become inoperable. 
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1.3 Radiological Impact and Cost/Benefit Analysis for Feed 
Containing "Low" Levels of 30Th and 226,Ra Impurities 

The annual cost of treatments which reduce releases from the model 

UFg plant processing typical yellow cake feed is correlated with the 

radiological impact (50-year dose commitment), the quantity of radio- 

active material released, or the quantity of chemicals released in 

Sect. 8.1. Assumptions tend to maximize the doses and, in some cases, 

to minimize the costs. Methods of treating the various effluent streams 

are assessed separately before they are combined in the summary cases. 

Cost/benefit analyses of the combined treatment methods reveal only gross 

correlations and mask many components of the cases where comparisons can 

be made regarding the relative cost/benefit of alternative procedures. 

There is uncertainty in the source terms for 226Ra and 230Th, which is 

reflected in the dose estimates and costlbenefit analysis; however, this 

uncertainty does not affect the relative importance of the treatment 

methods. 

Airborne effluents. The maximum annual individual doses at 0.5 mile 

(800 m) from the model plant processing the "low-impurity" feed (e.g., 
2800 pCi of 230Th and 200 pCi of 226Ra per gram of U 

the population out to 55 miles (88 km) from airborne effluents are pre- 

sented in Tables s-2 and 8.1 for the midwestern site. The individual 

total-body dose is reduced from 3.0 mrem in Case 1 to 1.0 mrem in Case 2, 

and the bone dose from 28 mrem to 9 mrem respectively. The population 

total-body dose is reduced from 3.2 person-rem in Case 1 to 1.0 person-rem 

) and the doses to nat 

in Case 2. For airborne Cases 1/2, the incremental cost/benefit is 

$120,000/person-rem total body and $ll,OOO/person-rem bone. At the New 
Mexico site, individual doses are slightly higher than at the midwestern 

site, but population doses are much lower because the area is sparsely 

settled (Table 8.2). Further airborne dose reductions beyond Case 2 are 

possible but more expensive. Two-thirds of the releases in Case 2 occur 

through the building ventilation effluent, which is expensive to treat 

because of the large volume of air that must be handled ($380,00O/person- 

rem total body and $44,000/person-rem bone at the midwestern site). 

amount of gaseous HF released is reduced from 2 4  kg/day in Case 1 to 

0.4 kg/day in Case 2 (Table 8.1). 

The 

Although further reduction is possible, 



'Table S-2. Annual costs and total-body doses for the model UF6 plant chemwaste-radwaste 
treatment case studies - feed containing "low" levels of 230Th and 226Ra impuritiesa 

Case 1 Case 2 Case 3 Case 4 
___ -- 

Annual cost increase over base, $ 
(mid-1973 dollars) 

Airborne effluents 
Maximum annual dose to individual at 
0.5 mile (800 m) , mrem 

Annual dose to population out to 
55 miles (88  km), person-rem 

Liquid effluents 
Annual dose to individual 
after dilution in: 

15-cfs stream (0.4-m3/sec), mrem 
1300-cfs river (37-m3/sec), mrem 

Base 7.12E+5 2.623+6 3.36E+6 

3.0 1.0 0.4 C O . 0 1  

3.2 1.0 0.4 c o . 0 1  

I 
cx, 
I 

0.8 d 0.gc < 0.Old e 
0.01 < 0.01 0.01 e 

a 10,000 MT of uraniumlyear; solvent extraction-fluorination process; midwestern site; feed contains 2800 pCi of 
230Th  and 200 pCi of 226Ra per gram of Unat. 

bDoes not include the cost of final disposal of liquid nitrate waste. 

C Case 1 release to 15-cfs (0.4-m3/sec) stream would not be acceptable chemically at many sites. 

addition, there is a potential for accidental releases or seepage from the liquid nitrate impoundment. 

e Case 4 has no liquid radioactive release. 
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the technology is both expensive and proprietary. Other gaseous chemical 

releases are discussed in Sects. 4.0 and 8.0. 

The estimated doses to the individual receiving the maximum exposure 

represent the probable upper limit and are based on a number of maximizing 

assumptions about both the source terms and the environmental pathways. 

It is unlikely that all these maximizing assumptions would apply collec- 

tively to any one plant. 

cantly lower than the doses estimated for the generic model. For example, 

the use of a 100-ft (30-m) release height instead of a 16-ft (5-31) height 
would reduce the maximum dose to an individual by a factor of 3 (Table 7.11). 
Removing the land in the immediate vicinity of the plant from food produc- 

tion would reduce the dose to the bone (the critical organ) by a factor of 
2 (Tables 7.lOa-7.10~). 

Doses from a specific plant might be signifi- 

Liquid effluents. Annual individual doses from liquid effluents after 

dilution by a 1300-cfs (37-m3/sec) river are 0.01 mrem total body and 0.15 

mrem bone in Case 1. 
stream are 90 times higher. It is unlikely that an individual would rou- 
tinely use the 15-cfs stream as a source of drinking water or fish, or as 

a locale for swimming because of its small size and its high chemical 

content [ 20  MT/day in Case 1 (Table 8.51.1 Case 1 illustrates that, at 
most sites, relatively simple treatment with BaC03 (99% radium removal) 
and lime is sufficient to remove the radioactive materials. 

Doses from using the waters of the 15-cfs (0.4-m3/sec) 

For the model SX-F UF6 plant, the release or potential for release of 

large quantities of chemicals, in particular nitrate and fluoride, to sur- 
face streams is of greater concern than the radiological releases. There- 

fore, the primary emphasis of the liquid waste treatment case studies is 
the removal of chemicals. Case 2, at an annual cost increase of $304,000, 

provides impoundment of the liquid nitrate wastes; for an increase of 

$152,000, it provides lime treatment of fluoride-bearing scrubber liquors 
and regeneration and recycle of KOH scrubber solutions. 
effective in reducing chemical releases to about 90 kg/day (principally 

K2S04); the dose from using the 1300-cfs stream in Case 2 is less than 
0.001 mrem above background. Impoundment of the nitrate wastes is a tempo- 

rary solution, but it is the only fully developed and immediately available 

This case is 
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alternative to releasing these wastes. Additional costs, and perhaps 

also radiological exposure, may be incurred in disposing of the accumulated 

nitrate wastes when the lagoons are decommissioned. 

also the potential for accidental releases of nitrate and radioactive mate- 

rials via dike failure or by seepage if the integrity of the liner should 

fail. 

In Case 2 there is 

The advanced case studies add treatment which provides a long-term 

solution to the nitrate wastes. Case 3 uses biological nitrification and 
denitrification in a system similar to an activated-sludge sewage plant to 

destroy both the ammonium ions (a biological precursor of nitrate in the 

environment) and the nitrate ions. The treated wastewater, which carries 

about 4 MT of chemicals (principally NaHC03) per day plus small quantities 
of radioactive materials, is then released to a surface stream. Case 4 

uses thermal denitration of Mg(N03)2*6H20 with recovery of nitric acid 

from the off-gas for recycle. It includes an ozone sparge to prevent the 
chloride impurity from accumulating in the recycle acid circuit. Rectifier 

overheads containing traces of nitric acid are released, but there are no 

effluents containing radioactive materials in Case 4 .  Sodium ions create 

serious difficulties in the calciner; therefore, Case 4 places new low- 

sodium restrictions on the yellow cake feed. The difference in the annual 

costs of the advanced nitrate treatment systems appears to be small--$1.53 

nillion for Case 3 compared with a Case 4 cost of $1.05 million to the UFg 
plant operator plus an estimated $0.55 million to the mill operators in 
meeting the low-sodium specification. Case 4 is more fail-safe since there 
is no danger that toxic materials in the waste will cause system poisoning, 

which is quite possible in a biological treatment syscem; however, it has 
the disadvantage that backfitting would be necessary at some mills to 

prodilce low-sodium yellow cake. 

Solid radwaste. The principal solid radwaste is the sludge generated 

in treating the nitrate wastes from solvent extraction. These wastes 

contain unrecovered uranium, at levels comparable to uranium ores, and 

small quantities of 226Ra and 230Th that are present as impurities in the 

yellow cake feed to the plant. The wastes are a potential long-term source 

of 222Rn gas from the decay of 226Ra. 
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In Cases 1 and 2 the radwaste sludge is impounded on-site in a lined 
basin. This waste, whose disposition is at present unclear, is ultimately 
expected to be shipped off-site for disposal either in a burial ground or 

in a mill tailings pile. If the wastes are shipped wet to a uranium mill 
for processing to recover the uranium, the cost and radiological releases 

from packaging will be relatively small. Case 3 provides for drying and 

drumming the solids at an annual cost increase of $315,000. In Case 4 the 
radwaste solids are incorporated in cement to provide better isolation 

from the environment in the event the drums should fail. The annual cost 

of cementing and drumming the Case 4 radwaste is $741,000. This does not 

include the additional expenses incurred in the shipment and burial of 

the cemented wastes. Cementing reduces the potential long-term radon 

release as well as the potential for leaching by natural waters. The 

potential benefit of cementing the radwaste sludge must be evaluated in 

terms of a specific waste disposal site, which is beyond the scope of this 

study. The solid radwaste case studies are not directly comparable because 

the liquid nitrate treatment systems vary with regard to the quantity of 

solid waste generated. 

The liquid waste treatment systems also generate large quantities of 

solid CaF2 chemwaste from the lime treatment of fluoride scrub liquors. 

In addition, Case 4 has a CaS04-2H20 chemwaste from the nitrate treatment 
system. These wastes are nearly insoluble and contain levels of radio- 

active materials which are barely distinguishable from natural background. 

They are inpounded on-site in settling basins lined with an impervious, 
synthetic material. Costs f o r  the impoundment basins are considered to be 

part of the liquid waste treatment. Other chemwastes are discussed in 

Sect. 4.0 .  

1.4 Radiological Impact and Cost/Benefit Analysis for Feed 
Containing "High" Levels of 230Th and 226Ra Impurities 

Recent sampling of UF6 plant feed indicates that the "low" levels of 

230Th and 226Ra impurities cited in Sect. 1 . 3  are the most probable concen- 

trations that will occur in the plant feed. While unlikely, higher concen- 

trations might occur. 

for a feed containing "high" levels of 230Th and 226Ra (e.g., 14,200 pCi of 
23GTh and 1600 pCi of 226Ra per gram of U ) is considered in this section 

For comparison, a brief assessment of a model plant 

nat 
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The maximum annual  i n d i v i d u a l  doses  a t  0 .5  m i l e  (800 m) from t h e  

model p l a n t  p r o c e s s i n g  t h e  "high-impurity" f eed  and t h e  doses  t o  t h e  

popu la t ion  o u t  t o  55 m i l e s  (88 km) from a i r b o r n e  e f f l u e n t s  are p resen ted  

i n  Tables  S-3 and 8 .6  f o r  t h e  midwestern s i te .  The i n d i v i d u a l  to ta l -body 

dose  is reduced from 4.0 m r e m  i n  Case 1 t o  1 . 8  m r e m  i n  Case 2 ,  and t h e  

bone dose  from 53  m r e m  t o  2 1  m r e m  r e s p e c t i v e l y .  The p o p u l a t i o n  t o t a l -  

body dose  i s  reduced from 3 . 8  person-rem i n  Case 1 t o  1 . 6  person-rem i n  

Case 2.  The bone doses  are n e a r l y  double  t h o s e  from t h e  p l a n t  p rocess ing  

t h e  "low-impurity" feed  (Table  S-2).  For a i r b o r n e  Case 1 / 2 ,  t h e  i n c r e -  

mental  c o s t / b e n e f i t  is  $116,000/person-rem t o t a l  body and $9,00O/person- 

r e m  bone. I n d i v i d u a l  doses  a t  t h e  New Mexico s i t e  are h ighe r  than  t h o s e  

a t  t h e  midwestern s i te ;  however, popu la t ion  doses  are much lower because 

t h e  area i s  s p a r s e l y  s e t t l e d  (Table  8 . 7 ) .  

t i o n s  beyond Case 2 are p o s s i b l e  b u t  more expens ive .  

F u r t h e r  a i r b o r n e  dose  reduc-  

The e s t ima ted  doses  t o  t h e  i n d i v i d u a l  r e c e i v i n g  t h e  maximum exposure  

r e p r e s e n t  t h e  probable  upper l i m i t  f o r  t h e  "high-impurity" f eed  and are 

based on a number of maximizing assumptions.  It i s  u n l i k e l y  t h a t  a l l  of 

t h e s e  assumptions would apply  c o l l e c t i v e l y  t o  any one p l a n t .  Doses from 

a s p e c i f i c  p l a n t  might b e  s i g n i f i c a n t l y  lower than  t h o s e  e s t ima ted  f o r  

t h e  g e n e r i c  model. For example, t h e  u s e  of a 100-f t  (30-m) release h e i g h t  

i n s t e a d  of a 1 6 - f t  (5-m) h e i g h t  would reduce  t h e  maximum dose  t o  an  i n d i -  

v i d u a l  a t  t h e  midwestern s i te  by a f a c t o r  of 3 (Table  7 .11) .  Removing t h e  

land  i n  t h e  immediate v i c i n i t y  of t h e  p l a n t  from food p roduc t ion  would 

reduce  t h e  dose  t o  t h e  bone ( t h e  c r i t i c a l  o rgan)  by about  30% (Tables  7 .20  

and 7.21) .  

The r e l a t i o n s h i p s  f o r  t r e a t i n g  l i q u i d  e f f l u e n t s  from t h e  model p l a n t  

p rocess ing  t h e  "high-impurity" f eed  are similar t o  t h o s e  for  t h e  "low- 

impur i ty"  feed .  The model assumes t h a t  more e f f i c i e n t  BaC03 t r ea tmen t  

f o r  99.8% radium removal is  a p p l i e d  i n  t he  b a s e  case. 

t i o n s ,  t h e  annua l  i n d i v i d u a l  dose  from u s i n g  t h e  1300-cfs r iver i s  0.02 

m r e m  t o t a l  body and 0 .3  m r e m  bone i n  Case 1. 

Under t h e s e  condi- 

S o l i d  wastes are similar t o  t h o s e  desc r ibed  i n  S e c t .  1 . 3 ,  except  t h a t  

they  w i l l  c o n t a i n  l a r g e r  q u a p t i t i e s  of 230Th, 2 2 6 R a ,  and a s s o c i a t e d  daugh- 

ter p roduc t s .  



Table S - 3 .  Annual c o s t s  and total-body doses. f o r  the model U F g  p l an t  chemwaste- 
radwaste t reatment  case s t u d i e s  - feed conta in ing  "high" 

l e v e l s  of 230Th and 226Ra impurit iesa 

~ _ __  ~ 

Case. 1 Case 2 Case 3 Case 4 

.Annual c o s t  increase  over base, $ 
(mid-1973 do l l a r s )  Base 7 .12E+5b 2.62E+6 3.36E+6 

Airborne e f f l u e n t s  
Maximum annual dose t o  ind iv idua l  
a t  0.5 mile (800 m), m r e m  4.0 1.8 

.Annual dose to. ,population out t o  
55 . m i . l e s  (88, llan) , 'person-resm 3.8 1 .6  

Liquid e f f l u e n t s  
Annual dose t o  indivlduals  
a f t e r  d i l u t i o n  in: 

0.7 

0.6 

15-cf s stream ( 0 .  4-m3/sec) , m r e m  1. 5c <o. Old 1.5 
1300-cfs r ive r  (37-m3/sec), m r e m  0.02 <o. Old 0.02 

0.05 

0.04 

I 
P 
w 
I 

e 
e 

a 
10,000 MT of u-ranium/year; so lvent  ex t r ac t ion  - f l u o r i n a t i o n  process;  midwestern s i t e ;  feed 
conta ins  14 ,200  -pCi of  230Th and 1600 pCi of 2 2 6 R a  per  gram of Unat .  

Does n o t  inc lude  c o s t  of f i n a l  d i sposa l  of l i q u i d  n i t r a t e . w a s t e .  

Case 1 rel-ease t o  15-cfs (0.4-m3/sec) stream would not  be acceptab le  chemically a t  many si tes.  

.b 

C 

add i t ion ,  t he re  i s  a . po ten t i a l  for acc iden ta l  releases o r  seepage from t h e  l i q u i d  n i t r a t e  
impoundment. 

Case 4 has no rad ioac t ive  r e l ease .  e 
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1.5 Contribution of the Cost of Radwaste Treatment 
to UFg Conversion and Total Nuclear Power Costs 

The estimated 1973 capital cost of the base plant, including the 

Case 1 off-gas treatment system, is $35 million. 

radwaste treatment systems in Cases 2-4 range from $2.23 million to 

$7.90 million, or 6 to 23% of the cost of the base plant. The annual cost 

increases over the base case for radwaste-chemwaste treatment range from 

$712,000 to $3,362,000 and are equivalent to a contribution to power of 

$0.0013 to 0.0062 mill/kWhr. Thus, while absolute dollar costs are high, 

the contribution to total power generation costs is low. 

Capital costs for the 
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2.0 INTRODUCTION 

This study was performed to determine the cost and effectiveness of 

additional or alternative radwaste-chemwaste treatment systems and inter- 

nal process changes that are used, or could be used, at UF6 conversion 

plants to decrease the amount of radioactive materials and chemicals 

released to the environment. A second objective is to estimate the radio- 

logical impact (50-year dose commitment) of these releases on the environ- 

ment. The effectiveness of the alternate treatment systems under considera- 

tion is measured by comparing the quantities of radioactive materials 

released (the "source terms") by the various systems. The radiological 

impact of each system on the environment is compared with the radwaste 

treatment cost as the basis for a costlbenefit analysis. 

The function of a uranium conversion and UF6 production facility is 

to purify the semirefined uranium ore concentrate (i.e., yellow cake) 

produced by the mills and to convert it to UF6 suitable for feed to the 

enrichment plants. The radioactive materials are natural uranium in 

secular equilibrium with 234Th and 234mPa, plus small amounts of 230Th, 

226Ra, and other uranium daughters. 

natural origin in the earth's crust. 

prepared for shipment off-site or impounded in on-site storage basins. 

Only small fractions of the radioactive materials and noxious chemicals 

are released as airborne particulates and gases. Liquid effluents con- 

tain varying quantities of radioactive materials and chemicals. In the 

most advanced case, all liquid streams bearing radioactive materials are 

treated and the water is recycled to the process. 

All of the radioactivity is of 
The radioactive wastes are either 

This report presents a general overview of the UF6 conversion industry 

and a detailed assessment of a model solvent extractiorrfluorination 

(SX-F) plant. The assessment of a model fluorination-fractionation (F-F) 

plant was reported previously as Part I of this study.' Model flowsheets 

that serve to illustrate the waste treatment methods have been developed 

from the best available information, but are not necessarily representative 

of either existing or future plants. The radiological impact is considered 

at two sites: the model midwestern site and the model New Mexico site. 
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Case 1, which serves as the base for the cost/benefit analysis, contains 

the minimum treatment necessary for economically operating the process, 

including uranium recovery and treatment for noxious fumes. Increasingly 

efficient radioactive waste treatment systems are added to the "base" plant, 

and the annual cost and environmental impact of each case are calculated. 

It is not feasible to include all possible variations of base plants and 
radioactive waste treatment systems; however, sufficient information is 

provided in this study to permit the costs and impacts for other radio- 

active waste treatment systems to be estimated by extrapolation or inter- 

polation from the data provided. The advanced cases are contingent on 

technology which ranges from that currently in use to the foreseeable 

limits of available technology on the basis of expected typical operations 

over the next 30 years. Several of the advanced treatment methods are not 

presently available for industrial application and will require development 

work and/or access to proprietary or classified information before the 

technology.can be "reduced to practice." However, it is necessary to use 

such technology to predict cost/benefit relationships over the next few 

decades. 

This report is the last in a series of studies on the nuclear fuel 

cycle. Other reports in the series are concerned with reprocessing LWR 
fuels, fabricating LWR fuels containing enriched hranium, milling uranium 

ores , 4 y 5  fabricating LWR fuels containing plutoniumY6 fabricating HTGR 

fuels containing 2 3 3 U  and thorium, reprocessing HTGR fuels, and conver- 

sion of recycle uranium to UF6. 

2 3 

7 a 
9 
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3.0 OBJECTIVES AND ASSUMPTIONS 

3.1 Objectives 

The objectives of this study are: (1) to determine the cost, in 1973 
dollars, that would be required to reduce the amounts of radioactive mate- 

rials and chemicals released to the environment from conceptual UF6 conver- 

sion plants; and (2) to evaluate the radiological impact (50-year dose 

commitment) of these releases. The definition of the incremental value of 

additional radioactive waste treatment equipment, which is an important 

part of the basic objective, is emphasized in the study. Generally, these 

values will not change significantly with the size of the plant. . For 

example, the volume of waste effluent to be treated generally increases 

with the plant size, and larger treatment systems are required; however, 

essentially the same fraction is released for large and small systems. 

Hence a larger total amount of radioactive material is released for the 

larger unit when operating on the same type, but larger volume,of radio- 
active effluent. The incremental and absolute values derived in this study 

for a single size of conceptual plant can thus be extrapolated to larger 

or smaller plants. The calculated total amounts of radioactive materials 

released are also defined, but are less important in this study since they 

are expected to vary with the plant size and with the 226Ra and 230Tt~ 

contents of the plant feed. The volumes and composition of radioactive 

wastes are based on model flowsheets developed from the available informa- 

t ion. 

Estimates are made of the average radioactive and nonradioactive 

releases and the cost of radioactive waste treatment. In a similar study 

for nuclear power reactors,' primary emphasis was placed on maintaining 

continuous operation of the power plant. Consequently, the more complex 
radioactive waste treatment systems contained redundant (parallel) treat- 

ment units to ensure continued operation in case one of the units should 

become inoperable. In the UF6 conversion study, less emphasis is placed 

on continuous operation since the plant could temporarily cease operations 

in the event that a major radioactive waste treatment unit failed. Only 

potential releases from normal operations, including anticipated opera- 

tional occurrences, have been considered in this study. 
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3.2 Selection of the Model UFg Plants 

There are two types of UFg plants -- solvent extraction-fluorination 
(SX-F; five out of six refineries in the western world) (Sect. 4.1) and 
fluorination-fractionation (F-F). The primary difference between the two 

plants is whether the uranium is purified by solvent extraction before 

conversion to UFg or by fractional distillation of the UFg after conversion. 

Each type produces high-purity UFg which is suitable for use as feed t o  the 

enrichment plants. Both a model F-F plant (Part I) and a model SX-F plant 

(Part IIj are considered because they generate different wastes with regard 

to liquid and solid volumes, bulk chemicals, and radioactive element con- 

centration. Even similar processes such as reduction, hydrofluorination, 

and fluorination require different flowsheets at the two model plants. 

Insofar as possible, the internal plant flowsheets are designed to be 

representative of the industry today and for the foreseeable future. The 

UFg industry is highly competitive both domestically and internationally. 

Because some technology is proprietary, the study team did not have access 

to detailed flowsheets giving the compositions and flow rates of the various 

effluent streams. The models serve to illustrate the various waste treat- 

ment methods, but they do not necessarily correspond to existing or future 

plants. 

Each model UFg plant has an annual capacity of 10,000 MT of uranium. 
The processes are assumed to operate 24 hr per day for 300 days a year with 

the exception of uranium recycle operations, which operate 8 hr per day. 

It is assumed that the plant has sufficient surge capacity to continue 
operation when one section is down. Costs are amortized over 15 years. 

The assessment of long-term environmental impact is based on a 30-year 

operating life. 

Descriptions of the model flowsheets are discussed in relation to the 

waste treatment systems in Sect. 4 .4 .  

3.3 Management of Radioactive Wastes 

The most complex flowsheets in this study illustrate very low, but not 

zero, releases of radionuclides (Sect. 4 . 0 ) .  
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Airborne effluents. Airborne effluents consist of radioactive 

particulates which are released through the dust control systems on dry 

materials handling operations, the process off-gas systems, and the build- 

ing ventilation systems; noxious fumes such as HF, NO H2S, S02, and NH3; 

and radon gas. Gaseous effluents are treated with filters and wet scrubbers 

to retain increasingly large fractions of the radioactive particulates, as 

X’ 

well as noxious fumes. The case studies also include changes in internal 

processes and the plant feed which reduce the load to the waste treatment 

systems. 

treatment is provided. 

RAdon is a minor contributor to the dose; therefore, no radon 

Liquid effluents. Liquid effluents consist of a nitrate waste from 

solvent extraction which contains significant quantities of radioactive 

materials and fluoride scrub liquors with high chemical contents but low 

concentrations of radioactive materials. The base plant (Case 1) releases 
a large quantity of nitrate and ammonium salts with only the minimuin treat- 

ment necessary to meet the requirements stipulated by 10 CFR 20. Both rad- 

waste and chemwaste releases are reduced in subsequent case studies by 

impoundment, chemical treatment before liquid release, chemical treatment 

with liquid recycle, biological treatment before liquid release, evaporators 

with gaseous water release, and evaporators with water recvcle or nitric 
acid recovery. The case studies also include changes in internal processes 

in the plant feed to reduce or eliminate certain waste streams. All set- 

tling basins and impoundment lagoons are lined with an essentially imper- 

vious, synthetic material to minimize seepage of radioactive materials and 
chemicals or potential leaching of stored solids by natural waters (see 
Regulatory Guide 3 . 1 3 ) .  The most advanced case study has no release of 

liquid waste bearing radioactive materials to surface streams; however, it 

does contain provisions for release of nonradioactive wastes from the 

fluorine cells after treatment tG remove fluorides and overheads from the 

nitric acid rectifier. 

2 

Solid waste. The principal solid radwaste is the sludge generated in 

treating the liquid wastes from solvent extraction. This waste contajns 

uranium at levels comparable to the concentration in uranium ore, as well 

as long-lived 230Th and 226Ra at levels which are a little higher than 
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those in typical uranium mill tailings. In Cases 1 and 2 these solids 

are impounded on-site in a lined pit or in lagoons. In Case 3 they are 

dried and drummed for shipment. In the most advanced case (Case 4 )  the 

solid radwastes are incorporated in cement to isolate them from the 

environment and are drummed for shipment to a burial ground. Solids 

produced in the treatment of fluoride scrub liquors, which have low solu- 

bilities in water and contain only small concentrations of radioactive 

materials, are stored on-site in lined basins or pits. Dust collected on 

primary filters is automatically returned to the process. Vacuum cleaner 

systems are used for housekeeping, and the dust collected in them is 

processed through the scrap recovery system. Small amounts of miscellaenous 

wastes such as rags, clothing, spent filters, spent filter bags, and old 

drums are generated. Combustible wastes are incinerated. A l l  miscellaneous 

wastes containing uranium are processed through scrap recovery. Materials 

such as old drums or spent filters are buried. The case studies do not 

address the costs of final disposal such as shipping and burial, or of 

decommissioning the plant, since they will vary with the location of the 

plant. 

3.4  Cost Parameters 

Capital and annual costs are estimated for the waste treatment systems 

that are added to the base plant in a series of case studies. The calcula- 
tion of these incremental annual costs is a primary objective of the study. 
They are correlated with the changes in environmental impact for each case 

study in Sect. 8.0. The estimated costs are based on an amortization period 

of 15 years, although the operating lifetime of the plant is assumed to be 
30 years. The costs are for new model plants; no attempt has been made to 

estimate backfitting costs for present plants. The capital cost of the 

base lO,OOO-MT/year UFg conversion plants is estimated as $35 million. 
Costs are estimated in terms of 1973 dollars to make this report consistent 

with others in the series. 3-10 

are given in Sect. 6.0. 
Details of the cost estimating procedure 
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3.5 Equipment Operation 

It is assumed that all radioactive wastes will be processed through 

treatment systems before discharge even though the radioactive content of 

the untreated waste is lower than "permissible" licensing levels. The 

equipment is adequately sized to ensure high operating flexibility and 

efficiency factors. This type of design provides extra assurance that 

radioactive releases will not exceed the calculated design levels. 

3 . 6  Plant Siting 

Two sites - a midwestern site and a New Mexico site - are considered 
for the model UFg conversion plant. 

of contemporary commercial and DOE nuclear facilities. The New Mexico site 

was selected to illustrate the environmental impact of locating a UFg plant 

near the mills that provide the plant feed. An arid climate would have 

advantages over a midwestern climate for the solvent extraction plant. 

The western site has certain disadvantages because of limited water supplies 

and poor north-south transportation from the Wyoming, Colorado, and Utah 

mills. In addition, the highly sophisticated chemical technology used in 

these plants must be serviced by readily accessible major-parts suppliers, 

which are generally not available in western locations. 

The midwestern site is characteristic 

Site 1 is located on a plain in a rural midwestern area adjacent t o  

a continuously flowing stream which empties into a large river. 

with moderate populations and a large city are located within the survey 

area. Meteorological data are derived from the first-order weather station 
at St. Louis, Missouri. The population distribution was determined by 

averaging the distribution around several nuclear installations in the 

Midwest. Distributions for sites near St. Louis, Missouri, were included 
in the averaging. Site 2 is located in a sparsely populated western area. 

The population distribution is determined by averaging the distributions 

Cities 

around several uranium mills in New Mexico and Wyoming. Meteorological 

data are derived from the first-order weather station at Albuquerque, New 

Mexico. Site 2 is also located adjacent to a continuously flowing stream 

which empties into a large river. Site parameters are described in detail 

in Sect. 7.0. 
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3.7 Radiological Impact 

Radiation doses to the people an6 biota living near the model plants 

which may result from exposure to plant effluents under normal operating 

conditions are given in Sect. 7.0. Pathways both for the external radia- 

tion dose from sources outside the body and for the internal dose from 

sources within the body are considered. 

lates and radon gas as they are diluted and dispersed leads t o  external 

exposure; inhalation causes internal exposure. The deposition of radio- 

active particulates on the land surface leads to direct external exposure 

and to internal exposure by the ingestion of food products through various 

food chains. Similarly, swimming in waters containing radionuclides can 

lead t o  external exposure, whereas the harvest of fish or drinking from 

the waters can result in internal exposures. 

Immersion in the airborne particu- 

The estimated radiation doses to individuals, the human population, 

and the biota are calculated for annular distances out to 55 miles in 

22.5" sectors using the site parameters listed in Sect. 7.1. Doses to 

individuals are calculated for the total body and individual organs. 

Fopulation doses (person-rem) are the sum of the doses to all individuals 

in the population considered. 

series, the doses are estimated using the procedures described in ORNL-4992, 

A MeEhodolcgy for Calculating Radiation Doses from Radioactivity Released 

to the Environment, by G. I. Killough and L. R. McKay. This is a conserva- 
tive model based on the least favorable chemical form and particle size, 

and tends to maximize the doses. 

To be consistent with other reports in this 
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4 .0  SOURCE TERMS FOR RELEASE OF RADIOACTIVE MATERIALS 

The functions of a yellow cake conversion and UFg production facility 
are to purify the semirefined uranium ore concentrate produced by the mills 

and to convert it to UFg suitable for feed to the enrichment plants. These 

functions constitute the third step (mining, milling. conversion) in the 

preparation of natural uranium for use as nuclear fuels. 

activity handled by the plant is from naturally occurring sources (i.e., 

there are no fission products). 

The only radio- 

The following sections describe the processing steps that produce the 

radwaste streams, the amounts and compositions of these wastes, the waste 

treatment methods that might be used, and the amounts of radioactive mate- 

rials released (the source terms) for a model solvent extraction-fluorination 

(SX-F) UFg production plant. The principal radwaste is the solvent extrac- 

tion raffinate, which is a liquid nitrate waste containing soluble radio- 

active materials as well as a variety of other chemicals. Sludges generated 

in treating the raffinate contain U 

a little higher than those in uranium mill tailings. 

radwaste sludges, the conversion of the purified UO3 to UFg generates a very 

low-level CaF2 chemwaste sludge from treating off-gas scrub liquors for 
fluoride. Off-site releases of radioactive materials consist of airborne 

dusts, both dissolved and suspended compounds in liquid wastes, and small 

230Th, and 226Ra at levels that are nat ' 
In addition to the 

quantities of radon gas. Impoundment basins at the model plant are lined 

with a synthetic material to minimize the underground migration of radio- 
active materials that may occur as the result of seepage of liquid effluents 

or water leaching of stored solids. 

A series of increasingly efficient (and increasingly expensive) rad- 

waste treatment cases is presented for the model SX-F UFg production plant 
(Table 1.1). There are four conceptual case studies, which have been sub- 

divided into airborne, liquid, and solid radwaste according to the type of 

plant'effluent streams that must be treated. Uranium is a valuable com- 

modity, and industry today uses sophisticated technology to minimize losses. 

Waste streams have high chemical contents because excess reagents are used, 

but they are contaminated with only small amounts of radioactive materials. 
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The renoval of nonradioactive chemicals is also considered since (1) the 
advanced radwaste treatment methods must be designed on the basis of the 

chemical flowsheets, and (2) chemical releases are also of concern. These 

case studies are hypothetical and are not intended to be an assessment of 

any particular plant, which would have to be evaluated in terms of the 

specific parameters applicable at that site. 

Generally, the release of radioactive materials decreases and the 

cost increases with increasing case number. Case 1, the base case, repre- 
sents the minimum treatment and lowest cost. Plant effluents meet the 

radiological requirements of 10 CFR 20 ,  Appendix B y  Table 11, but may not 
be acceptable chemically at all sites. Most Case 1 off-gas treatments 
are essential to the economical operation of the process and are, there- 

fore, considered to be a part of the cost of the base plant rather than 

an environmental protection cost. In Case 1 the solvent extraction raffi- 

nate is treated to precipitate radioactive materials, the sludges are 

impounded, and the nitrate is released. Case 1 serves as the base case 

for the cost/benefit analysis; it does not necessarily represent current 

industrial practice. Case 2 treatment of process effluents generally 

represents the practical limit of existing technology in the public domain. 

Many of the Case 2 treatment methods are currently in use. In Case 2 ,  the 

nitrate waste and associated sludges are impounded. Neither Case 1 nor 
Case 2 addresses the decommissioning of the plant or final disposal of the 

accumulated solvent extraction wastes. Additional costs and/or radioactive 

releases may be incurred in the future in disposing of these wastes. Cases 3 

and 4 include treatment to destroy or recycle the nitrate, packaging of 

solid radwaste ready for shipment off-site, treatment of the building venti- 

lation effluent, and internal process changes at both the uranium mill 

(to change the feed to the UFg plant) and at the UFg plant (to reduce the 

load to the waste treatment systems). Most of the Case 3 and Case 4 treat- 

ment methods are not available for immediate use either because the tech- 

nology is in an early stage of development or because it is proprietary. 

In particular, the Case,3 biological denitrification and Case 4 nitric 

acid recovery systems have never been demonstrated for wastes from a modern 

SX-F UFg plant. Technical descriptions of the systems and the calculated 

amounts of radioactive materials that would be released are given in Sect. 

4 . 4 .  
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Two levels of 230Th and 226Ra impurities in the yellow cake feed to 

the plant are considered -- a "low-impurity" feed containing 2800 pCi of 

230Th and 200 pCi of 226Ra per gram of uranium, and a "high-impurity" feed 
containing 1 4 , 2 0 0  pCi of 230Th and 1600 pCi of 226Ra per gram. 

emphasis is on the "low-impurity" feed option, which represents the com- 

posite product of domestic mills in recent years. This is the feed used 
in the assessinent of the model F-F UFg plant as described in the Appendix 

to Part I of this study. For comparative purposes, a "high-impurity" 

feed option corresponding to the feed discussed in Part I, Sects. 4-8 ,  is 

also presented. 

The major 

1 

Operational information about an SX-F plant is limited. Uranium 

releases are estimated primarily by analogy to similar operations at an 

F-F UFg plant (Part I) or at a uranium mill. 1 9 2  

are used in selecting treatment efficiency ratings that tend to maximize 

the amounts released. Releases of radioactive materials other than uranium 

are estimated on the basis of general chemical principles. No data are 

available on the amounts of 234Th, 230Th, and 226Ra that cross with the 

uranium during solvent extraction; hence there is uncertainty in the source 

terms for the conversion of the purified U03 to UFg. Uncertainty also 

exists concerning the chemical impurities in the yellow cake feed since 

UFg plants only analyze for impurities that may cause difficulties in the 

process. This leads to uncertainty in the quantity and chemical composi- 

Conservative assumptions 

tion of the raffinate waste. Technical descriptions of the systems and 

the calculated amounts of radioactive materials that would be released are 

given in Sect. 4 . 4 .  

4 . 1  The Uranium Conversion and UFg Production Industry 

In 1979 there were six uranium refining facilities in the western world 

for uranium ore concentrate (yellow cake): the Kerr-McGee Sequoyah plant 

(eastern Oklahoma), the Allied Chemical plant (Metropolis, Illinois), 

the DOE-Fernald ref inery5' 

refinery (Canada), 

Malves i plant (France) 11y12 (Table 4 . 1 ) .  

solvent extraction to purify the uranium and generate a large quantity of 

liquid nitrate waste. This technology is in the public domain. The sixth, 

4 

(on standby in Ohio) , the Eldorado Port Hope 
the Springf ields refinery (Great Britain), 8-10 and the 

Five of these facilities use 
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the Allied Chemical plant, uses the fluorination-fractionation (dry, hydro- 

fluor) process which does not involve nitrate. Four plants - Kerr-McGee, 

Allied Chemical, Eldorado, and Springfields - produce UFg suitable for feed 

to the enrichment plants. Uranium hexafluoride is also made at the DOE 

gaseous diffusion plants at Paducah, Kentucky,13 and Portsmouth, Ohio, 

by using purified feed from a refinery or fuel reprocessing plant. While 

UFg is the primary product, the solvent extraction plants also have the 

capability of making "nuclear-grade'' uranium dioxide (UO2) and uranium 

14 

tetrafluoride (UFt,). Some plants produce uranium metal as well. 

The processes used in the central refineries and UF6 production facili- 

ties require high levels of supporting and operating technology, plus rela- 

tively expensive raw materials (H2, HF, and F2). Since the technology and 

raw materials are not generally available at remote mill sites, UFg produc- - 

tion facilities are not located near the mills. The Allied Chemical plant 

has.a capacity of about 13,000 MT of uranium per year; Kerr-McGee is licensed 
to expand its capacity from 5000 to 10,000 MT per year. By comparison, the 

annual yellow cake production by domestic mills has been %lO,OOO to 11,000 MT 
of uranium for the period 1968-76.17 The domestic commercial UFg plants also 

provide conversion services to foreign countries. The DOE facilities pri- 

marily process special materials and uranium scrap from DOE programs. 

15 

4 .2  Composition and Amount of Radioactive Material 
Processed by the Model UFg Production Plant 

4 . 2 . 1  Feed to the model UFF, production plant 

The model UFg plant processes 10,000 MT of natural uranium per year 

in the form of ore concentrate (yellow cake) produced by domestic uranium 

mills. 

85% acid-leached and 15% alkaline- (carbonate-) leached yellow cake, which 
has aged at least 6 months in sealed drums after milling. Impurities other 

than radionuclides, ammonium ion, sodium ion, and magnesium ion are based 

on the average feeds to the Allied Chemical UF6 plant, the Kerr-McGee UF6 

plant, and the DOE-Fernald refinery. The major chemical and radionuciide 
constituents for Cases 1 and 2 are listed in Table 4 . 2 ;  the assumptions are 

The feed to the model UFg plant is assumed to be a composite of 
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given  i n  Table  4.3. There may b e  o t h e r  chemical  c o n s t i t u e n t s  i n  a d d i t i o n  

t o  t h o s e  l i s t e d  s i n c e  UFg p l a n t s  on ly  a n a l y z e  f o r  t h e  i m p u r i t i e s  t h a t  may 

cause  d i f f i c u l t i e s  i n  t h e  p rocess .  The model does n o t  c o n s i d e r  r a d i o n u c l i d e s  

in t roduced  as i m p u r i t i e s  i n  t h e  chemical  o r  water f e e d  t o  t h e  p l a n t .  

+; 
Radioac t ive  materials. The r a d i o n u c l i d e s  of pr imary concern are  U 

(na t ) '  
2 2 6 R a ,  230Th, 234Th, 234mPa, .and  222Rn. The daugh te r  p roduc t s  of radon are 

n o t  l i s t e d  i n d i v i d u a l l y  as source  terms e i t h e r  because  they  have h a l f - l i v e s  

of less than  2 h r  and do n o t  accumulate  i n  t h e  bioenvironment  (218Po, 214Pb, 

2 1 4 B i ,  and 214P0) o r  because  they  i n d i v i d u a l l y  c o n t r i b u t e  less than  0.02% of 

t h e  t o t a l  re la t ive  hazard  (210Pb,  2 1 0 B i ,  210Po). However, t h e  daughter  

p roduc t s  are inc luded  when t h e  dose  from radon is  c a l c u l a t e d .  The r e l a t i v e  

hazard  i s  e s t ima ted  by d i v i d i n g  t h e  number of c u r i e s  p r e s e n t  by t h e  Radia- 

t i o n  Concent ra t ion  Guide v a l u e  f o r  t h a t  n u c l i d e  (p re sen ted  i n  10 CFR 20,  

Appendix B ,  Table  11, Column 1, s o l u b l e  n u c l i d e ) .  

Two levels  of 230Th and 2 2 6 R a  are cons ide red  -- a "low-impurity" feed  

c o n t a i n i n g  2800 pCi of 230Th and 200 pCi of ' 2 2 6 R a  p e r  gram of Una t ,  and a 

"high-impurity" feed  c o n t a i n i n g  14,200 pCi of 30Th and 1600 pCi of 2 2 6 R a  

pe r  gram of U Recent d a t a  i n d i c a t e  t h a t  "low" levels  are t h e  most 

probable  c o n c e n t r a t i o n s  t h a t  w i l l  occur .  18 n a t  

The "low-impurity" f eed  model u s e s  t h e  h ighe r  v a l u e  of e i t h e r  t h e  

weighted average  feed  t o  t h e  A l l i e d  Chemical UFg p l a n t  i n  1976 o r  t h e  ca lcu-  

l a t e d  composi te  of t h e  domest ic  m i l l i n g  i n d u s t r y  d e r i v e d  from t h e  A l l i e d  

d a t a .  

weighted-average feed  t o  t h e  A l l i e d  p l a n t  i n  1976. T h i s  f eed  inc luded  

l8 The 230Th c o n t e n t  of 2800 pCi p e r  gram of U i s  based on t h e  n a t  

* 
The "old1'  ( p r i o r  t o  J u l y  10 ,  1974) d e f i n i t i o n  of a c u r i e  of n a t u r a l  uranium 
(Unat) i s  used throughout  t h i s  r e p o r t  t 3  be  c o n s i s t e n t  w i t h  t h e  earlier 
r e p o r t  i n  t h i s  series on uranium m i l l s .  
3.7 x 1O1O d i s / s e c  from 2 3 8 U ,  3.7 x 1 O 1 O  d i s / s e c  from 2 3 4 U ,  and 
9 x l o 8  d i s / s e c  from 2 3 5 U ;  i t  i s  a l s o  e q u i v a l e n t  t o  3000 kg of n a t u r a l  
uranium. Under t h i s  d e f i n i t i o n ,  1 k of Unat i s  e q u i v a l e n t  t o  333.3 p C i  
of u o r  t h e  sum of 333.3 pCi of '38U, 333.3 WCi of 2 3 4 U ,  and 8 .1  W C i  
of 29q61 Under t h e  c u r r e n t  ( J u l y  10 ,  1974) d e f i n i t i o n ,  1 k of Unat i s  
e q u i v a l e n t  t o  677 p C i  of Unat,  o r  t h e  sum of 330.9 p C i  of 238U, 330.9 p C i  
of 2 3 4 U ,  and 15.4 p C i  of 235U. 
a 1% d i f f e r e n c e  between t h e  "old" and t h e  "new1' c u r i e ,  except  f o r  2 3 5 U ,  
which is  only  a minor c o n t r i b u t o r  t o  t h e  dose  (Sec t .  7 .0) .  

One c u r i e  of U at  i s  t h e  sum of 

I n  c a l c u l a t i n g  s o u r c e  terms t h e r e  i s  about  
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c o n c e n t r a t e s  from t h e  E l l i o t  Lake d i s t r i c t  i n  Canada, which con ta ined  more 

thorium than  domest ic  c o n c e n t r a t e s .  

of U i s  based on t h e  c a l c u l a t e d  composi te  p roduc t  of t h e  domest ic  m i l l i n g  

i n d u s t r y .  Th i s  i s  s l i g h t l y  h i g h e r  t han  t h e  weighted ave rage  of 172 pCi p e r  

gram of U f o r  t h e  A l l i e d  f e e d .  

impur i ty  feed  i s  p resen ted  i n  t h e  Appendix t d  P a r t  1.l The t r e n d  of t h e  

f u t u r e  is  probably  i n  t h e  d i r e c t i o n  of lower 230Th and 2 2 6 R a  c o n t e n t s  as 

new amine s o l v e n t  e x t r a c t i o n  m i l l s ,  which y i e l d  a r a d i o l o g i c a l l y  p u r e r  

p roduc t ,  come on-stream and o l d  i o n  exchange m i l l s  are decommissioned ( s e e  

Table  A-1, P a r t  I ,  p.  278, f o r  a n a l y s e s  of t h e  d i f f e r e n t  t y p e s  of ye l low 

cake ) .  However, t h e r e  i s  a l a r g e  s t o c k p i l e  of ye l low cake  t o  b e  p rocessed ,  

and u%6 p l a n t  f e e d s  f o r  t h e  n e a r  f u t u r e  are expec ted  t o  b e  similar t o  t h e  

1 1  low-impurity" f eed .  

* 
The 2 2 6 R a  c o n t e n t  of 200 pCi p e r  gram 

n a t  

** 
A more-detai led d i s c u s s i o n  of t h e  ''low" 

li n a t  

1 

The high-impuri ty  f eed  i s  p resen ted  f o r  compara t ive  purposes .  It i s  

t h e  composi te  product  of t h e  "model" uranium mills d e s c r i b e d  i n  a p r e v i o u s  

r e p o r t . *  The in fo rma t ion  w a s  n e a r l y  20 y e a r s  o l d  (1960-62) 19720 and based  

on o b s o l e t e  m i l l  c i r c u i t s  and q u e s t i o n a b l e  a n a l y t i c a l  p rocedures ,  y e t  i t  

con ta ined  t h e  o n l y  d a t a  a v a i l a b l e  d u r i n g  1976 and e a r l y  1977 when Sects.  4-8 

of P a r t  I of t h i s  s tudy  were prepared. '  

would p rocess  t h e  "high-impurity" f e e d .  

It seems u n l i k e l y  t h a t  a UFg p l a n t  

However, levels  above t h e  "low- 

impur i ty"  f eed  are p o s s i b l e  i n  p r o c e s s i n g  ye l low cake from i o n  exchange o r  

conven t iona l  c a r b o n a t e  l e a c h  m i l l  c i r c u i t s  u n l e s s  t h e s e  f e e d s  a r e  blended 

w i t h  ye l low cake  from s o l v e n t  e x t r a c t i o n  m i l l s  ( s e e  P a r t  I ,  Tables  A-1  and 

A - 3 ) .  1 

This  s t u d y  does n o t  a d d r e s s  t h e  convers ion  of r e c y c l e  material  from 

f u e l  r e p r o c e s s i n g  p l a n t s  t o  UFg ( s e e  ORNL/NUREG/TM-37).*+<* The model p l a n t  

*The composi te  product  of t h e  domest ic  n i l l i n g  i n d u s t r y  i n  1976 is  
es t ima ted  t o  c o n t a i n  %2000 pCi of 230Th p e r  gram of Unat .  

**There may b e  a tendency f o r  t h e  F-F p l a n t  t o  p r o c e s s  less than  t h e  
i n d u s t r y ' s  average  of c o n c e n t r a t e s  from t h e  conven t iona l  a l k a l i n e  
( ca rbona te )  l e a c h  c i r c u i t ,  which c o n t a i n  higher- than-average concen t r a -  
t i o n s  of 2 2 6 R a  and sodium. 
p e n a l t y  f o r  removing sodium from f e e d  materials,  w h i l e  t h e  SX-F p r o c e s s  
does  n o t .  

***J. W. Roddy, R. E. Blanco,  B .  C. Finney,  G .  S .  H i l l ,  R.  E .  Moore, and 
J. P. Witherspoon, C o r r e l a t i o n  of Rad ioac t ive  Waste Treatment  Cos ts  
and t h e  Environmental  Impact of Waste E f f l u e n t s  i n  t h e  Nuclear Fue l  
J ,  ORNL/NUREG/TF-37 
(August 1977) .  

Th i s  is  because  t h e  F-F p r o c e s s  cha rges  a 
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is not designed to handle enriched uranium. In addition, the product of a 
fuel reprocessing plant is already highly purified chemically; thus there 

is no need for the purification steps, which are a major source of radio- 

active effluents at a yellow cake conversion plant. 

Chemical composition. In Cases 1 and 2 ,  a simplified feed consisting 

of a mixture of (NH1,)2U207, and Na2U207 is used to illustrate the waste 

treatment methods. Uranium hexafluoride plants also process some U3O8 and 

MgU207. For the most part, their behavior is similar to that of the model 

feed. When U3O8 is processed, NO is produced during the dissolution in 

nitric acid and a slightly higher amount of uranium is lost as insoluble 

material (Sect. 4 . 4 . 5 . 1 ) .  If MgU207 were processed by the model SX-F plant, 

more acid would be consumed during dissolution (Sect. 4 . 4 . 5 . 1 ) .  This would 

increase the nitrate load to the waste treatment system, and the volume of 

solid waste would be greater in Cases 3 and 4 because of the magnesium salt. 

Chemical impurities are based on the average feeds to the Allied Chemical 

UFg plant, the Kerr-McGee UFg plant, and the DOE-Fernald refinery. 

X 

Sodium ions are excluded from the feed in Case 4 because they cause 

difficulties in the advanced waste treatment system (Sect. 4 . 4 . 1 1 . 7 ) .  It 

is simpler to change the mill processes to eliminate sodium from the yellow 

cake (e.g., by precipitating UOL, with peroxide) than to design the advanced 

waste treatment system t o  handle it at the UFg plant. There is no change 

in the amount of radioactive materials handled in Case 4 .  The restriction 

of sodium ions is suggested as a possible option in Case 3' to reduce the 
release of sodium salts in the effluent (Sect. 4 . 4 . 1 1 . 6 ) ;  however, it is 

not essential to the performance of the waste treatment system. In Case 4 ,  

the sodium must be excluded. 

4 . 2 . 2  Growth and decay of radionuclides within the model UF6 production 
plant 

In fhe estimation of source terms for a facility processing radioactive 

materials, one can often ignore the quantity of nuclides being formed from 

precursors or decaying within the plant. This is possible (1) because the 
majority of the nuclides either have a long half-life (i.e., 2 3 8 U ,  230Th, 

226Ra, and 210Pb), so that the.amount of nuclide produced or decaying while 
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the material is being processed is negligible; or (2) because the mixture 

has essentially reached secular equilibrium where the rate of formation 

of the nuclide is equal to the rate of decay so that the quantity of the 

nuclide is constant. However, if a short-lived nuclide such as 234Th or 

222Rn is separated from a long-lived parent during processing, the produc- 

tion or decay of the nuclide in different fractions may appreciably affect 

the source terms. 

Thorium-234 (half-life, 24 days) is chemically separated from 238U 

during processing. Holdup of thorium- or uranium-rich streams within the 

plant area (e.g., storing the fluorination ash before scrap recovery or 

holding liquid effluents in settling basins prior to release) affects the 

source terms. Protactinium-234m has a half-life of only 1.18 min and is 

in secular equilibrium with 234Th at all times. The next members of the 
series, 230Th and 226Ra, have long half-lives - 83,000 years and 1620 years 

respectively; thus their production and decay during processing may be 

ignored. Radon-222 (half-life, 3.8 days) is a gas and may be removed from 

its nonvolatile 226Ra precursor by the air sparges used in dry materials 

handling. 

and 2), radon may diffuse from the accumulated waste in a manner similar 

to the radon emanation from uranium mill tailings. The short-lived radon 

daughters are included with radon in the dose calculations, but are not 

listed individually as source terms (Sect. 7.0). Radon and short-lived 

radon daughters are assumed to be in secular equilibrium with 2 2 6 R a  in 

all particulates released. The decay of radon gas as it is dispersed in 

the environment is discussed in Sect. 7.0. Lead-210 has a 22-year half- 

life and is not present in significant amounts in the UFc plant; however, 

on a long-term basis, 210Pb and its daughters will grow into the stored 

waste. 

If wastes containing 226Ra are impounded near the plant (Cases 1 

4 . 2 . 3  Movement of radioactive materials within the model UFF, production 
plant 

Operational information about the movement of radioactive materials 

r throughout a SX-F plant is limited. Overall uranium recoveries are high, 

but quantitative data on the compositions of waste streams are not available. 

Therefore, airborne uranium releases are estimated primarily by analogy to 
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similar  o p e r a t i o n s  a t  a n  F-F p l a n t  ( P a r t  I )  o r  a t  a uranium m i l l .  192 

Case 2 a i r b o r n e  releases are .based p r i m a r i l y  on s t a c k  sampling d a t a  

ob ta ined  through t h e  cour t e sy  of t h e  A l l i e d  Chemical Corpora t ion ,  which 

u s e s  t h e  F-F p r o c e s s ,  and r e p r e s e n t  a 1-year summary of i n d i v i d u a l  s t a c k s  

a d j u s t e d  t o  t h e  average  annual  uranium release f o r  t h e  per iod  1969-74. 

The uranium con ten t  of t h e  s o l v e n t  e x t r a c t i o n  r a f f i n a t e  i s  based on t h e  

Ferna ld  r e f i n e r y  f lowsheet .  21 This  v a l u e  should  probably  be  regarded as 

a n  upper l i m i t  under  normal o p e r a t i n g  c o n d i t i o n s .  

The r a d i o a c t i v e  i m p u r i t i e s  i n  t h e  ye l low cake f eed  o t h e r  t han  radon 

(which is  a gas) accompany t h e  uranium as f a r  as s o l v e n t  e x t r a c t i o n .  No 

d a t a  are a v a i l a b l e  on t h e  amounts of thor ium and radium which c r o s s  w i t h  

t h e  uranium d u r i n g  s o l v e n t  e x t r a c t i o n .  I n  g e n e r a l ,  t r i b u t y l  phosphate  

(TBP) i s  selective i n  e x t r a c t i n g  uranium w h i l e  r e j e c t i n g  i m p u r i t i e s  t o  the 

r a f f i n a t e .  

uranium dur ing  s o l v e n t  e x t r a c t i o n .  This  i s  by ana logy  t o  calcium, which 

i s  chemica l ly  similar and sometimes serves as a carrier f o r  radium. 

T y p i c a l l y ,  p u r i f i e d  u r a n y l  n i t r a t e  s o l u t i o n  c o n t a i n s  less than  10 ppm 

ca lc ium compared w i t h  a n  average i n  t h e  f e e d  of 0.18%;22 t h a t  i s ,  <0.56% 

of t h e  c a l c i u n  c r o s s e s  w i t h  t h e  uranium. Thorium i s  d i f f e r e n t ,  however. 

Under some c o n d i t i o n s  i t  may be r e a d i l y  e x t r a c t e d  and TBP is  a l s o  used f o r  

thorium p u r i f i c a t i o n .  23 

can be  obta ined  by o p e r a t i n g  a t  h igh  s a l t i n g  a g e n t  c o n c e n t r a t i o n s  o r  by 

adding  complexing a g e n t s  such as phosphate .  

n o t  normally t a k e  s p e c i a l  p recau t ions  f o r  thor ium s i n c e  domest ic  ye l low 

cakes  do no t  c o n t a i n  chemical ly  s i g n i f i c a n t  levels of n a t u r a l  thorium. 

This  s tudy  assumes t h a t  no complexing agen t  i s  added t o  t h e  primary d i s -  

s o l v e r  and t h a t  t h e  model p l a n t  o p e r a t e s  under  c o n d i t i o n s  where 50% of the 

234Th and 230Th is  e x t r a c t e d  wi th  t h e  uranium. 

This  s tudy  assumes t h a t  0.5% of t h e  2 2 6 R a  c r o s s e s  w i t h  t h e  

Good chemical  s e p a r a t i o n s  of uranium and thorium 

The uranium r e f i n e r y  does 

The r a d i o a c t i v e  materials t h a t  c r o s s  w i t h  t h e  uranium dur ing  s o l v e n t  

e x t r a c t i o n  are expected t o  accompany t h e  uranium through t h e  convers ion  

p rocess  as f a r  as f l u o r i n a t i o n ,  where t h e  UF6 v o l a t i l i z e s  and some unburaea 

UF4 f a l l s  t o  t h e  bottom of t h e  tower (tower a s h ) ,  w h i l e  most of t h e  rad io-  

act ive i m p u r i t i e s  a long  wi th  a l i t t l e  unburned UF, are c o l i e c t e d  by t h e  

f i l t e r s .  I n  e s t i m a t i n g  source  terms f o r  t h e  conve r s ion  of p u r i f i e d  U03 ;" 
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UFg, the growth of 234Th (half-life, 2 4  days) is ignored, 234mPa (half- 

life, 1 min) is assumed to be in secular equilibrium with 234Th at all 
times, the tower ash is assumed to have the same composition as the tower 

feed, while essentially all the radioactive impurities are in the filter 

fines. The filter fines are stored for at least 6 months to permit the 

decay of the 234Th and associated 234mPa before recycling to the miscella- 

neous digestor. The fluoride in the scrap is expected to complex most of 

the long-lived 230Th, so that it does not extract with the recycle uranium. 

Ultimately essentially all the 230Th and 226Ra are rejected to the solvent 

extraction raffinate. As generated, the raffinate also contains about 

half the 234Th and 234mPa present in the feed. 

plant might differ from the model, depending on the operating conditions. 

Source terms for an actual 

4 . 3  Waste Management Methods 

A general description of the waste treatment methods follows. Details 

of the specific applications are given in Sect. 4 . 4 .  In some case studies, 

it is simpler technically to change the process or plant feed to avoid or 

reduce the formation of a waste rather than to treat the waste. 

4 . 3 . 1  Airborne radwaste-chemwaste treatment methods 

4 . 3 . 1 . 1  Dry dust collectors. Filters are the principal means by 

which uranium particulates are recovered from off-gas streams; however, the 

wet scrubbers used to remove noxious gases also collect some particulates 

(Sect. 4 . 3 . 1 . 2 ) .  

- Pulse-jet bag filters. 24-27 The bag filter is quite efficient for 

removing dusts as fine as 1 p from cool, dry streams. Dusty gas is cleaned 

as it flows through a filter made of compressed felt and deposits particles 

in the voids. A s  the voids fill, a cake builds up on the fabric surface 

and the pressure drop increases to a point where the deposited dust must 

be removed by a reverse jet of air from the "clean" side. 

effected either by pulsing a jet of compressed air through valves controlled 

by a timer or  by employing a reverse jet through a blow ring which moves 

continuously up and down the bags. Very high dust concentrations can be 

handled because the maximum period between cleaning cycles is only a few 

Cleaning may be 



-37- 

seconds. High dust concentrations are usually an advantage since the 
deposited dust tends to be dislodged in "slabs" rather than being re- 

dispersed in the gas phase. The pulse-jet type has proved to be reliable 

in UF6 plants, displaying a long bag life and requiring relatively little 

maintenance 28-30 in contrast to the mechanical problems associated with 
the blow-ring mechanism.28 

uranium dusts from materials handling operations. Primary bag filters 

are designed to automatically return material to the process; dust from 

secondary bag filters is collected in drums and manually recycled.. 

All UFg plants use bag filters to recover 

Long-term plant and laboratory investigations by Stairmand have shown 

that the reverse-jet bag filter is 99.9% efficient under typical industrial 

Losses are primarily from leaks around seals or holes in 

the bag. Under optimum conditions (i.e., no leaks), the average efficiency 
27 of the blow ring-type of bag filters at one uranium refinery was 99.986%. 

Efficiencies remain close to 100% for 21-u particles. 

In this study, the primary bag filter is assumed to have an efficiency 

of 99.9% and the primary-plus-secondary-bag filter system an efficiency of 

99.986%. The second unit, which receives any dust that has leaked through 

the first unit, ordinarily collects relatively little material. 

Sintered-metal filters. Porous metal filters with up to 50% of their 

volume interconnecting voids or pores are made by sintering prealloyed 

metal powders of selected particle sizes in a controlled-atmosphere furnace. 

The powdered metal particles fuse at their points of contact, resulting in 
a bond with a homogeneous crystalline structure. Because dust particles 

may impinge 3n surfaces as the gas passes through the filter, the removal 
rating is higher than the mean pore size. 

filter with a mean pore size of 10 !-I will remove 98% of the 0.7-?.I-diam 

particles. 

For example, a 1/8-in.-thick 

31 

Uranium hexafluoride plants use sintered stainless steel filters with 

a nominal pore size of 10 11 on the reduction off-gas, and either Monel or 

nickel 10-p sintered metal filters on the fluorination off-gas to recover 

uranium. Primary filters are equipped with automatic blowback devices 

that return material directly to the process. Secondary filters, which 

serve as a receiver of particles that leak through the primary filters, 
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ordinarily collect little material. Parallel trains of filters are in- 

stalled, so that one train can be used while the other is being cleaned. 

The quantity of uranium passing the reduction filters is estimated from 

data provided by the industry on scrubber liquors and the stack effluent 

downstream from the metal filters. Particulates passing the fluorination 

filters are estimated from the reduction data. The average particle size 

of material passing the filters is assumed to be 2 p when estimating 

efficiencies of downstream wet scrubbers (Sect. 4.3.1.3). 

Porous carbon filters. Uranium hexafluoride plants use porous carbon 

filters on the hydrofluorination off-gas to recover uranium. These are 

very efficient filters; for example, a 3/4-in.-thick filter is 99.9995% 
32 efficient on uranium refinery dusts. The carbon filter system is ar- 

ranged similarly to the sintered-metal filters, that is, in parallel trains 

with one train in use while the other is being cleaned. Automatic blow- 

back devices recycle the material collected on the primary filters to the 

process. 

primary filters and ordinarily collect little material. In this assessment, 

the amount of material passing the filter system was estimated from data 

on downstream scrub liquors and condensed off-gases provided by the industry. 

The secondary filters collect particles which leak through the 

Vacuum cleaner bag. The plant vacuum cleaner system contains a bag 

(and possibly also a cyclone) for collecting coarse dust and debris. This 

system has a low efficiency on <10-~ particles, and the air must be cleaned 

further with a high-efficiency pulse-jet bag filter. 

HEPA filters. 33’  34 High Efficiency Particulate Air (HEPA) filters 

have been used for many years in the nuclear industry to effectively remove 

radioactive particulates from air streams. A modular HEPA filter has a 

2- by 2-ft cross section, a depth of 1 ft, and a capacity of about 1000 cfm. 

The modules are formed into banks to achieve the required capacity for 

filtering air. The filter medium is a pleated mat of woven fiberglass. 

By definition, a HEPA filter is an expendable (single-use) extended-medium, 

dry filter having (1) a minimum particle removal efficiency of no less 

than 99.97% for 0.3-u particles; (2) a resistance of 1.0 in. H20 when clean, 
and a resistance of up to 6 to 10 in. H20 when in service and operated at 
the rated air flow capacity; and ( 3 )  a rigid casing extending the full depth 
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of the medium.33 Based on experimental data and known characteristics of 
filter systems, it is assumed that the efficiency of the system is 99.95% 

(tested with 0.3-p smoke). 33 

The following considerations apply to the design and operation of HEPA 

installations : 

1. A high efficiency for the filters can be ensured by installing 

them in such axmanner that all of the gas to be treated passes. 

through the filt'ers. The filters should be tested, before and 
\~ 

after installation 'and also periodically while in service, by 

a method such as the dioctyl phthalate (DOP) smoke test. 

Continuous pressure drop measurements can indicate whether 

the filters are plugging or have been ruptured. 

2. HEPA filters are strictly backup units and must be preceded 

by .high-efficiency dust collectors. If one as,sumes an average 

particulate capacity of 4 lblunit, then HEPA filters on the 

.drum dumping off-gas, for example, would need to be replaced 

every 3 months when a primary bag filter is used, compared 

with replacement every 2 years for a primary-secondary-bag- 

filter combination. 

3 .  Excessive moisture can impair the efficiency of the filter. 

It is mandatory to remove all entrained moisture or to heat 

the air to above the dew point. 

4 .  Fires can seriously damage a filter as the result of over- 
heating the fiber mat or burning the wooden frame. 

5. The type of operating data that can be extrapolated for 
34 design purposes is limited. 

HF-resistant HEPA filters. 35 9 3 6  HF-resistant HEPA filters, now under 

development, are expected to become commercially available. Experimental 

filter assemblies having a resistance of s1.3 in. H20 and an efficiency 

of s99 .9% have been fabricated. 35 

Rocky Flats Division of Dow Chemical Company in a stream containing an 

estimated 40 t o  100 pg of HF per liter as well as nitric acid and pluto- 

nium. In the present study, we have assumed that the objective of a 

These filters have been tested at the 

36 
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99.95% efficient HEPA filter which is resistant to a HF concentration of 
40 pg/liter will be achieved. 

by condensers and KOH scrubbing systems to lower the HI? concentration in 

the gas stream to 240 pg/liter. 

* 
The HEPA filters are assumed to be precedcd 

4 . 3 . 1 . 2  Wet scrubbers for absorbing noxious gases. Both physical 
37 and chemical processes are involved in the wet scrubbing of gases. 

Physical processes include gas-liquid contact, diffusion in the gas phase, 

diffusion in the liquid phase, and mist removal from the effluent gas 

stream. Chemical absorption may be an equilibrium reaction, such as the 

absorption of HF in water where the vapor pressure of HF above the solu- 

tion limits the efficiency of the scrubber, o r  it may be an irreversible 

reaction, such as the neutralization of HF in a KOH scrubber where physi- 

cal processes limit the scrubber efficiency. The heat of reaction from 

the chemical absorption must be considered in the scrubber design since it 

may affect the efficiency if the vapor pressure of the gas in equilibrium 

with the scrubber solution increases as a function of temperature. The 

design of the scrubber must also consider that the gas feed may be hot 

and/or contain water vapor which will condense in the scrubber. Scrubber 

tests with HC1 - a reactive gas - and water are a good measure of the 
physical efficiency of the equipment and may be used to estimate efficien- 

cies for other reactive systems (i.e:, scrubbing HF with KOH). Efficien- 

cies for 12ss reactive systems such as HF and water must be measured 

experimentally. 

Scrubbing solutions and efficiencies are given in Table 4 . 4 .  Either 

water or caustic solution may be used to scrub HF, although caustic is 

more effective. Water scrubbing of F2 is not practiced because of the 

potential explosion hazard. 38 

the concentration should be maintained above 2% KOH (or  equivalent) to 

prevent the formation of poisonous OF2.I5 Water or dilute acid may be 

used to scrub HNO3 vapor. 

on the NO gases that are also present in the SX-F plant off-gas. 

A caustic solution is effective; however, 

Simple water scrubbing systems are ineffective 

The NOx 
X 

* 
Streams bearing HF, which would require HF-resistant HEPAs, carry such 
a small fraction of the total radioactive dusts that the difference 
between 99.9  and 99.95% efficiency has a negligible effect on the over- 
all assessment. 
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absorption tower is discussed separately in Sect. 4 . 3 . 1 . 4 .  In the case 

studies, all KOH scrubbers are recirculating systems which operate within 
the range 10 to 2 wt % KOH. 

liquid flow (early cases) or recirculating systems to minimize liquid 

effluents. 

Water scrubbers may be either single-pass 

Although the primary purpose of the wet scrubbers in a UFg plant is 

to absorb noxious gases, they will simultaneously collect small quantities 

of particulates (Sect. 4 . 3 . 1 . 3 ) .  

Baffle (orifice, self-induced spray deduster). 24-26  Air flows through 

a stationary baffle at high velocity, carrying the water in a heavy turbu- 
lent sheet. The centrifugal force exerted by rapid changes in direction 

of flow causes the dust particles to penetrate the water film. The :ne- 

chanical action of the gas flow moving the water creates a spray which 

serves to scrub the gas. This device is quite simple, with no moving parts 

in contact with the liquid, and is readily constructed of corrosion-resistant 

materials. 

tions o r  in cases where airflows may fluctuate over a wide range. Ordi- 

narily the baffle is thought of as a dust collector; however, in the SX-F 

case studies, the baffle together with a vertical fin tube cooler collect, 

as nitric acid, 60% of the nitrate values in the off-gas from the denitrator. 

The separate condenser is necessary since there is no provision for cooling 

coils in the baffle scrubber. This system has the advantage of recovering 

40 wt % nitric acid suitable for direct recycle to the process. The corro- 

sion problems associated with the recovery of this product in scrubbers 
with mechanical recirculating systems or in gas absorption towers are severe 

because the acid is contaminated with chloride. 

Baffle scrubbers are especially suitable under corrosive condi- 

Wetted packed tower. 2 6 y  39 Wetted packing provides an impingement sur- 

face for good absorption of gases and prevents reentrainment of dusts. 

The packing may be fixed, or it may consist of a floating bed of low-density 

spheres. 

is secondary to direct-contact cooling and gas absorption. 

countercurrent packed tower has almost no solids-handling capacity since 

solids tend to plug the packing and support plates, which can be cleaned 

only by removal. 
5 gr/ft3 by washing the face of the packing with spray nozzles in parallel 

Gases to be removed must be below 1% by volume. Dust collection 

The usual 

Crossflow scrubbers can handle dust loadings up to 
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f low whi l e  t h e  body of t h e  packing  i s  i r r i g a t e d  from t h e  top .  Advantages 

are l o w  c o s t ,  s i m p l i c i t y ,  c o r r o s i o n  r e s i s t a n c e ,  and no moving p a r t s .  The 

KOH packed tower h a s  an e f f i c i e n c y  of 99% f o r  UFg, 

have a n  e f f i c i e n c y  of 99% f o r  HF and F2 by analogy t o  UF6I5 and HC1.  

1 5  and i s  assumed t o  
39 

Ventur i  s c rubbe r .  2 6 y 4 0  Liquid  i s  in t roduced  i n t o  t h e  t h r o a t  s e c t i o n  

and atomized by t h e  h igh -ve loc i ty  gas  stream. The h i g h  re la t ive  v e l o c i t y  

between t h e  a c c e l e r a t i n g  s o l i d  p a r t i c l e  and t h e  l i q u i d  d r o p l e t  makes f o r  

h igh  e f f i c i e n c y  by impingement. 

c a l  r e a c t i o n  wi th  t h e  c o n t a c t i n g  l i q u i d .  The v e n t u r i  must b e  fol lowed by 

a m i s t  e l i m i n a t o r .  Ven tu r i  s c rubb ing  systems are c a p a b l e  of e f f i c i e n t l y  

scrubbing  a m u l t i p l e - c o n s t i t u e n t  fume c o n t a i n i n g  v a p o r s ,  a e r o s o l s ,  and 

p a r t i c u l a t e s .  The e j e c t o r  v e n t u r i  s c rubbe r  u t i l i z e s  t h e  v e l o c i t y  of  t h e  

l i q u i d  as a pump s o  t h a t  t h e r e  are no mechanical  p a r t s  i n  c o n t a c t  w i t h  

t h e  gas  stream - an  advantage  i n  hand l ing  c o r r o s i v e  gases .  40 

t a i n i n g  up t o  10% s o l i d s  can b e  r e ~ i r c u l a t e d . ~ '  

t h e  p r e s s u r e  drop .  High e f f i c i e n c i e s  r e q u i r e  a h igh  power i n p u t .  The 

medium-energy and high-energy water v e n t u r i e s  have HF e f f i c i e n c i e s  of 

about  and 95% r e s p e ~ t i v e l y . ~ ~  The HF removal e f f i c i e n c y  f o r  t h e  

high-energy KOH v e n t u r i  is  assumed t o  be  99% by ana logy  t o  H C 1  and C 1 2 .  

Gases are removed by a b s o r p t i o n  o r  chemi- 

Water con- 

The e f f i c i e n c y  depends on 

40 

KOH coke box. The u s e  of a KOH coke box as a t e r t i a r y  sc rubbe r  t o  

absorb  t h e  f i n a l  traces of  HF, UFg, and F2 from a gas  stream i s  a p r o p r i -  

e tary  development of t h e  A l l i e d  Chemical Corporat ion.15 

some f e a t u r e s  i n  common w i t h  a packed tower;  i n  a d d i t i o n ,  t h e  carbon may 

e n t e r  i n t o  t h e  r e a c t i o n s  e i t h e r  as a c a t a l y s t  o r  by s o r b i n g  t h e  reactive 

Presumably,  i t  h a s  

gases .  S ince  t h i s  i s  a g e n e r i c  s t u d y ,  t h e  p r o p r i e t a r y  e f f i c i e n c y  i s  down- 

graded t o  90% because  t h e  f u l l y  developed technology i s  n o t  i n  t h e  p u b l i c  

domain. P r o p r i e t a r y  technology i s  avoided i f  p o s s i b l e  i n  g e n e r i c  s t u d i e s ,  

b u t  t h e  coke box i s  t h e  on ly  p r e s e n t l y  developed system and appea r s  t o  have 

t e c h n i c a l  advantages  over  t h e  only  known a l t e r n a t i v e  which might be  developed. 
A 

*Wet mine ra l  wool f i l t e r s  w i l l  remove 90 t o  95% of t h e  HF from a gas  stream 
c o n t a i n i n g  250 t o  600 ppm of HF by r e a c t i o n  of  t h e  HF w i t h  S i 0 2  t o  form 
S i F 4 ,  which then  hydro lyzes  t o  s i l i c i c  a c i d s .  42 The f i l t e r s ,  which are  
similar to  HEPA f i l t e r s ,  are consumed dur ing  service. Although t h e s e  
f i l t e r s  could probably  be  used i n  p l a c e  of t h e  coke box, t h e  development 
problems a s s o c i a t e d  wi th  r e c o v e r i n g  t h e  uranium from t h e  s i l i c i c  a c i d  
mix tu re ,  p o s s i b l e  p lugging  of t h e  f i l t e r s  w i t h  s o l i d s ,  and t h e  expense 
and a d d i t i o n a l  s o l i d  waste gene ra t ed  by f r e q u e n t  f i l t e r  changes p rov ide  
an i n c e n t i v e  t o  deve lop  t h e  coke box r a t h e r  t han  t h e  m i n e r a l i t e  wool 

. f i l t e r s .  
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Lime scrubber. 43 A gas-liquid dispersion scrubber with Ca (OH) 2 as 

the scrubbing medium is used on the off-gas from the miscellaneous digestor 

in Case 4 .  The purpose is to prevent HF from entering the NO absorber 

and, at the same time, to avoid introducing alkali-metal ions, which create 

difficulties in the waste treatment system (Sect. 4 . 4 . 1 1 . 7 ) .  Fluoride 

X 

removal efficiencies of 99% have been reported in small-scale laboratory 
tests. Engineering development would be required before the method is 

ready for industrial use.. 

. 4.3 .1 .3  Wet scrubbers for collecting particulates. 24-26 The princi- 

pal mechanism involved in the wet collection of particulate matter is 

impingement of individual particles upon scrubbing liquid droplets. A s  

the flowing gas approaches an individual droplet, it diverges to avoid 

the obstacle; however, the inertia of heavier entrained particles keeps 

them moving in a nearly straight path, forcing them to collide with the 

droplets. The droplets, being substantially larger and more massive, 

collect the particulates and then fall due to gravity. The wet scrubber 

recovers the dust as a slurry. In general, the efficiencies are directly 

proportional to the pressure drop and decrease with decreasing particle 

size (Table 4 . 5 ) .  The systems were previously described in Sect. 4 . 3 . 1 . 2 .  

A wet-baffle (orifice) scrubber is used as primary treatment on the de- 

nitrator off-gas, and in Case 3 on the building ventilation effluent. 

Some dust also passes the sintered-metal or carbon filters on the process 

and is collected in the noxious gas scrubbers (Sect. 4 . 3 . 1 . 2 ) .  Venturi 

scrubbers are effective on particles as small as 1 p ,  but the dust collect- 
ing efficiencies of the other wet scrubbers decrease rapidly as the parti- 

cle size of the dust drops below 5 p (Table 4 . 5 ) .  For example, a packed 

tower which is 95% efficient on a 5-11 dust is only 58% efficient on a 1-11 
dust. Therefore, it is important to consider the particle size in esti- 

mating efficiencies of multiple filters and scrubbers in a series. For 

purposes of this assessment, it is assumed that the average particle size 

of the dust passing the 10-11 sintered-metal filters is 2 l.~.~’ The grade 

efficiency curves of Stairmand were used in estimating the particle size 

of material passing the wet scrubbers. 24’44’* 

for multiple scrubbers in series are given in Table 4 .8 .  

*The graphs in refs. 44 and 24 are the same, but ref. 44 is easier to 

The efficiencies estimated 

read than ref. 24.  
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4.3.1.4 NO-_ a b s o r p t i o n  tower.45 N i t r i c  a c i d  i s  a v a l u a b l e  commodity 

which i s  recovered from NO o f f -gases  f o r  r e c y c l e  t o  t h e  SX-F p rocess  w i t h  

an  NO a b s o r p t i o n  tower.  The r e v e r s i b l e  e q u i l i b r i u m  r e a c t i o n s  are: 
X 

X 

3N02 + H20 2HNO3 + NO 

N204 + H20 HNO3 + H N 0 2  (3 )  

3HN02 H N 0 3  + 2N0 + H 2 0  (4) 

- 
HN02 H+ + N O 2  . (5)  

Favorable  a b s o r p t i o n  c o n d i t i o n s  are: (1) h igh  p a r t i a l  p r e s s u r e  of n i t r o g e n  

ox ides ,  (2) h igh  degree  of o x i d a t i o n  of n i t r o g e n  o x i d e s ,  (3 )  low tempera- 

t u r e ,  and (4)  l a r g e  gas - l iqu id  i n t e r f a c e .  

Gases from t h e  scrubber-condenser ,  which s t i l l  c o n t a i n  NO are passed 
X Y  

through an  o x i d a t i o n  chamber where NO is  conver ted  t o  N 0 2 .  

f u r t h e r  ox id ized  and absorbed i n  a 20-plant a b s o r p t i o n  tower.  The NO t h a t  

i s  formed a s  a r e s u l t  of r e a c t i o n s  (2 )  and (4)  must be  ox id ized  t o  N O 2  i n  

t h e  a b s o r p t i o n  tower s o  t h a t  t h e  spac ing  i s  n o t  t h e  same f o r  a l l  t r a y s .  

E ight  b a r s  i s  t h e  u s u a l  working p r e s s u r e .  Cooling c o i l s  must be i n s t a l l e d  

on a l l  lower and middle t r a y s ,  a l though some of t h e  t r a y s  i n  t h e  t a i l  sec- 

t i o n  may be wi thou t  coo l ing .  

spac ing  i s  c r i t i c a l  t o  ach iev ing  optimum e f f i c i e n c y .  

The NO2 i s  

Proper  des ign  w i t h  r ega rd  t o  coo l ing  and t r a y  

I n  cont inuous opera- 

t i o n  wi th  a uniform gas f e e d ,  t h e  
46 NO . 

X 

P recau t ions  must be  t aken  t o  

which are h igh ly  c o r r o s i v e  i n  t h e  

part  of t h e  c h l o r i d e  c r o s s e s  w i t h  

a b s o r p t i o n  tower can r ecove r  95% of t h e  

avoid  t h e  bu i ldup  of c h l o r i d e  and f l u o r i d e ,  

a b s o r p t i o n  tower.  47-49 
t h e  u r a n y l  n i t r a t e  du r ing  s o l v e n t  ex t r ac -  

I n  SX-F Cases 1-3 ,  

t i o n  and i s  v o l a t i l i z e d  w i t h  t h e  NO du r ing  d e n i t r a t i o n .  Th i s  c h l o r i d e  i s  

c o n t r o l l e d  by withdrawing 30 w t  % n i t r i c  a c i d  from t h e  tower,  even though 

t h i s  composi t ion is  lower than  d e s i r e d  f o r  r e c y c l e ,  because most of t h e  

. x  
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c h l o r i d e  i s  removed from t h e  tower w i t h  t h e  30% a c i d .  22 

t h e  c h l o r i d e  is e v e n t u a l l y  r e j e c t e d  t o  t h e  r a f f i n a t e  waste. An ozone 

spa rge  i s  used t o  remove t h e  c h l o r i d e  i n  SX-F Case 4 ,  which r ecove r s  

n i t r i c  a c i d  from t h e  r a f f i n a t e  waste. The c h l o r i d e  i s  ox id ized  t o  

c h l o r i n e  accord ing  t o :  

I n  Cases 1-3,  

2H+ + 2C1- + 03 --.9 C 1 2  + H 2 0  + 0 2 ,  

and t h e  c h l o r i n e  i s  then  removed w i t h  t h e  ozone-air  spa rge  mixture .  The 

ozone spa rge  w a s  used s u c c e s s f u l l y  a t  t h e  Ferna ld  r e f i n e r y  i n  t h e  1950s, 

and has  been t e s t e d  r e c e n t l y  a t  t h e  DOE Y-12 P l a n t .  50 

vented  from e n t e r i n g  t h e  NO 

o r  p r e c i p i t a t i o n  as CaF2. 
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F l u o r i d e  i s  pre-  

abso rbe r  through t h e  u s e  of c a u s t i c  s c rubbe r s  
X 

4 .3 .1 .5  HF condensers .  HF condensers  improve t h e  HF e f f i c i e n c y  of 

t h e  p l a n t ,  reduce  t h e  load  t o  t h e  HF of f -gas  s c r u b b e r s ,  reduce  t h e  load  

t o  t h e  l i q u i d  f l u o r i d e  t r ea tmen t  system, and d e c r e a s e  t h e  amount of CaF2 

s o l i d  waste genera ted .  

on t h e  tempera ture  of t h e  c o o l a n t .  

The amount of HF removed by t h e  condensers  depends 

Aqueous HF condensers .  The h y d r o f l u o r i n a t i o n  of f -gas  i s  a mixture  of  

water vapor (from t h e  r e a c t i o n )  and excess  HF. Condensation of t h e  model 

SX-F p l a n t  of f -gas  y i e l d s  a 25 w t  % aqueous HF s o l u t i o n ,  which is  low i n  

r a d i o a c t i v e  materials and s u i t a b l e  f o r  i n d u s t r i a l  u se .  2 2 y *  

model p l a n t  ( i . e . ,  Case 1) i n c l u d e s  a water-cooled condenser  w i t h  an  

aqueous HF e f f i c i e n c y  of 90%. 51 Case 4 h a s  both  a water-cooled condenser  

and a br ine-cooled condenser  w i t h  an  HF e f f i c i e n c y  f o r  t h e  system of 99%. 

The base  SX-F 

5 1  

Anhydrous HF condensers .  A s  gene ra t ed ,  f l u o r i n e  is  contaminated w i t h  

$11 v o l  % HF and t h e  hydrogen of f -gas  from t h e  f l u o r i n e  c e l l  c o n t a i n s  

$9 v o l  % HF.52 The base  p l a n t  ( i . e . ,  Case 1) has  i n e f f i c i e n t  br ine-cooled 

condensers  which d e c r e a s e  t h e  HF c o n t e n t s  of t h e  f l u o r i n e  and t h e  hydrogen 

o f f -gas  t o  8 ( r e f .  13) and 6 .5  v o l  % r e s p e c t i v e l y .  (Recovered HF i s r e t u r n e d  

J( 

I n  t h e  F-F p rocess  ( P a r t  I ) ,  i m p u r i t i e s  such  as s i l i c o n ,  boron,  vanadium, 
molybdenum, and s u l f u r  may v o l a t i l i z e  d u r i n g  h y d r o f l u o r i n a t i o n . 5 3  
Because of t h e  chemical  i m p u r i t i e s  t h a t  are condensed, F-F p l a n t  hydro- 
f l u o r i c  a c i d  is  of l i m i t e d  v a l u e  and is t h e r e f o r e  n o t  recovered  i n  
F-F Cases 1-3. 
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to the process.) In Case 4, the brine-cooled condensers are replaced by 

-120'F condensers which reduce the HF contents of the fluorine and the 

hydrogen to 4 and 3 vol % respectively. 52 

by the polymerization properties of HF. Although the DOE flowsheet for 

Case 4 has been described in general terms in the open literat~re,~~ the 

technology is still classified. Case 4 assumes that, at some future date, 
either private industry can develop this technology or the DOE technology 

will be made available to industry. 

A lower limit of 2% HF is fixed 

4.3.1.6 Hydrogen burner. In all case studies, a hydrogen burner is 

used on the reduction off-gas to convert the H2S to SO2 and to react the 
excess hydrogen with oxygen to form water. 

4.3.1.7 Process changes. In addition to treatment methods applied 

directly to the off-gas, the case studies include several process changes 

that reduce the load to the waste treatment systems and thus decrease the 

quantity of chemwaste released. These process changes are: 

1. more efficient condensers on the fluorine cells (reduce HF 

release, Sects. 4.4.8.7 and 4.4.9.1); 

2. a more efficient fluorine cleanup reactor (reduces HF releases, 

Sect. 4.4.8.5); 

3. a UFg cleanup reactor (reduces HF releases, Sect. 4.4.8.5). 

4.3.2 Liquid radwaste-chemwaste treatment methods 

Liquid treatment methods ranging from simple settling ponds to complex 

recycle systems are included in the case studies. Waste streams vary widely 

in composition but usually have high concentrations of chemicals and low 

uranium contents. Consequently, the major objectives involve reducing the 

amounts of chemicals and uranium daughters (especially 226Ra) released. 

A general description of the waste treatment methods follows, with details 
of the specific applications being deferred to Sect. 4.4. In some case 

studies, it is simpler technically to change the process or the plant feed 

rather than to treat the waste. 
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4 . 3 . 2 . 1  Holding and settling before release. A basin is a simple, 

yet effective, method of clarifying liquid wastes before release. It allows 
time for complete precipitation to be achieved (i.e., time to approach the 

equilibrium solubility of slightly soluble compounds), coalescence of 

colloidal particles, and gravity settling of solid particles, so that 

relatively clear supernate is released. The basin may also serve as the 

storage repository for solids generated by the liquid waste treatment 
systems and as an equalization system where streams are diluted with other 

plant wastes. The basin is lined with an impervious, synthetic material 

to minimize seepage of radioactive materials and chemicals. 

The criteria for the construction of an acceptable liquid radioactive 
5 4  waste storage facility at a UFg plant are given in Regulatory Guide 3 . 1 3 ,  

which enumerates minimum requirements with regard to site, design of the 

embankment retention system, lining, stabilization of embankments and any 

loose radioactive material produced by evaporation, protection from water 

runoff from surrounding drainage areas, fencing, seepage assessment, mainte- 

nance, and stabilization when operations are terminated. Additional informa- 

tion about the design of the embankment system, including stability analysis 

and minimum factors of safety, is contained in the Corps of Engineers 

Manual EM-110-1-1902. 55 

4 . 3 . 2 . 2  Holding and decay before release. In Case 1, holding the SX 
raf f inate permits decay of the relatively short-lived 
permissible levels of release (Sect. 4 . 4 . 1 1 . 4 ) .  (Note that, for all liquid 

wastes other than the raffinate, 234Th and 234mPa will grow toward secular 
equilibrium with 238U during holdup.) 

34Th and 34mPa to 

4 . 3 . 2 . 3  Impoundment with evaporation. In Case 2 ,  nitrate-bearing 

raffinate waste is neutralized with NH3 and impounded in lined basins 
(lagoons). A combination of solar evaporation and waste heat from the con- 
denser on the denitrator off-gas is used to dispose of surplus water and 

concentrate the ammonium nitrate solution. It is not feasible to crys- 
tallize solid ammonium nitrate in natural evaporation ponds because it 

has a very high solubility in water (540 g per 1000 g of saturated solution 

at 0°C)56 and the solid is hygroscopic. 
\ J; 

I 

*When ammonium nitrate is to be used as a solid fertilizer, the particles 
58 are coated with substances such as kaolin or diatomaceous earth. 
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Neutralization is necessary to make the waste chemically compatible 

Neutralization also precipitaies radioactive materials, with the liner. 

thereby reducing the potential for accidental discharges of radioactive 

materials from the pond. Soluble nitrate waste bearing soluble radio- 

active materials concentrates in the retention basin along with the neu- 

tralization sludges. 

the problem of nitrate wastes, it is the only fully developed and immediately 

available alternative to releasing nitrate wastes. 

tion system are described in Regulatory Guide 3 . 1 3 .  

Although impoundment is not a permanent solution to 

Criteria for the reten- 
. 54 

At the midwestern site where the net annual evaporation rate is low, 

the pond water is heated by using it t o  cool the condenser on the denitra- 

tor of f-gas. 57 

from the pond, thereby reducing the area required for evaporation. The 

system is enclosed and does not add airborne effluents. The waste heat 

evaporator is not used at the New Mexico model site, where the climate is 

arid. 

Raising the temperature increases the rate of evaporation 

4.3.2.4 Precipitation of chemicals and radioactive materials. Some 

of the noxious chemicals and most of the radioactive materials in the 

liquid wastes can be precipitated by the addition of suitable chemicals. 

After clarification, some of the streams can be recycled to the process, 

others are released, and a few require additional treatment to remove 
soluble chemicals. Conventional items of equipment (e.g., mixer-settlers, 

feed tanks, etc.) are used in the cost estimates. 

Neutralization for heavy metals. 59 Neutralization of acidic effluents 

will precipitate most of the heavy-metal ions, including uranium and thorium 

as well as aluminum, iron, cadmium, copper, zinc, and nickel. In addition, 

lime neutralization will precipitate insoluble calcium salts of fluoride , 
sulfate, molybdate, phosphate, and vanadate. The process effluent at the 

Fernald refinery contains 0.5 to 3 ppm uranium after live neutralization 

and settling.60 Isotopic analyses for 234Th and 230Th are not available. 

This study assumes that neutralization followed by settling (Cases 1 

and 2)  or  centrifuging (Cases 3 and 4 )  will reduce the uyanium content of 

silverlt extraction wastewater to 3 ppm (1 x 10-6 uci of 23% plus 1 x 10-6 

pCi of 234U per ml). For the flows assumed in the model, this is %95% 
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uranium removal by waste treetment. The thorium removal is arbitrarily 
assumed to be 99.9%, which is probably conservative for thorium (i.e., the 

estimated release is high). 

extraction waste "low-impurity" feed option in Case 1 is 530 x UCi 

of 230Th per nil compared with 1 x 
waste from acid leach uranium mills. 

The 230Th content of the treated solvent 

pCi of 230Th per ml for neutralized 
6 1  

Radium, an alkaline-earth ion, is not expected to form insoluble 

hydroxides or oxides. Its removal during neutralization is discussed 

separately. 

Barium carbonate treatment and neutralization f o r  radium control. 

Barium carbonate will remove radium from sulfate-containing refinery wastes 

by co-precipitating (Ba,Ra)S04. 21 

refinery shows that adding 1 kg of BaC03 per 150 kg of uranium to the 

dissolver will lower the soluble radium concentration to $500 x 

Best results are obtained by adding tlie BaC03 to the dissolver, before 

solvent extraction, rather than treating the raffinate. Lime neutraliza- 

tion of the treated raffinate, along with some dilution with other solvent 

Operating experience at the Fernald 

pCi/ml. 

extraction wastes, further reduces the 226Ra concentration to %50 x 

pCi/ml. The barium treatment is less effective on refinery wastes, which 

are principally nitrate with oply a small amount of sulfate, than on acid- 

leach uranium mill wastes where the vefy large excess of sulfate suppresses 

the solubility of the (Ba,Ra)SOk. In comparison, barium treatment alone 

reduces the radium concentration in acid-leach mill waste to 1 x to 

3 x 10-9 pCi/ml. 62,63 

The case studies include two levels of radium removal by BaC03 treat- 

ment -- 99 and 99.8% -- with the systems designed on the basis of theoretical 
principles. Lime neutralization of the barium carbonate-treated raffinate 

is assumed to remove an additional 90% of the radium by analogy to the 
Fernald experience. Neutralization serves to reduce the solubility of the 

(Ba,Ra)SOq,to precipitate CaS04, which may serve as a carrier for radium, 

and to precipitate gelatinous A l ( O H ) 3  and Fe(OH)3, which flocculate fine 

particles. 

Ammonia neutralization for radium control. In Case 2 the solvent. 
extraction wastes are neutralized with ammonia and impounded. In the 
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absence of direct.data, the source terms.are estimated using the arbitrary 

assumption that 90% of the radium precipitates. Copperas (FeS04.7H20) 

treatment at 0.2 g/R will precipitate about 75% of the radium in alkaline 

uranium mill wastes.64 

%1.7 g/R, it seems likely that neutralization which precipitates Fe(OH)3 

will remove more than 75% of the radium; however, this has not been 

demonstrated. 

Since the refinery wastes have iron contents of 

UFg plant off-gas scrubbers gener- 65,66 

ate large volumes of waste scrub liquors which are high in fluoride but 

low in radioactive materials. Lime is used to precipitate the fluoride 

as CaF2 and to neutralize the acid or regenerate the KOH. 

Lime treatment for fluoride. 

Water scrub 
liquors are separated from precipitated solids in a settling basin. 

Excess calcium (the lime-treated solution is slightly basic with a pH of 

%lo) is precipitated as Cas04 by the addition of H2SO4, and the solution 

is neutralized before release. The clarified effluent from lime treat- 

ment generally has a fluoride concentration of 12 to 30 mg/R. The case 

studies are based on 25 mg/R, assuming 20 mg/R as soluble fluoride65 and 

5 mg/R as suspended solids. 

and recycled to the process. 

impurities with the moist filter cake. The off-gas system is designed to 

avoid water condensation in the KOH scrubbers, so that all regenerated 

KOH can be recycled. No cost credit is taken for recovered KOH. The CaF2 

that is generated has a low concentration of radioactive materials and is 
stored on-site in a lined basin or pit. Fluoride treatment systems are 

in use at all domestic UFg production plants. 

Regenerated KOH scrub liquors are filtered 

There is a small liquid bleed of KOH and 

3,67 

Lime neutralization will also precipitate uranium and thorium as in- 

soluble oxides or hydroxides, and the CaF2 will probably serve as a carrier 

for radium in a manner similar to that observed for CaS04. 

the treatment will tend to remove fine particles containing radioactive 

materials which were collected by the scrubbers. In the absence of direct 

data for UFg plant wastes, it is assumed that 10% of the radioactive mate- 

In addition, 

rials are released in the liquid effluents from fluoride treatment and 100% 

are precipitated with the CaF2. These maximizing assumptions, which are 

“made to avoid underestimating the amount of radioactive materials in either 

the solid or liquid phase, result in a material balance of 110%. 
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4 . 3 . 2 . 5  Biological nitrification and denitrification. Nitrification 

and denitrification processes have long been recognized as part of the 
natural nitrogen cycle. However, their application to industrial wastewater 

treatment is a very recent development. 

+ Nitrification is the biological oxidation of ammonium ions (NH4 ) to 
nitrate ions (NO3-). 

somonas , which oxidize ammonia to nitrite ions (NO2-), and Nitrobacter , 
which oxidize nitrite to nitrate (NO3-). 

together in nature. Both types are autotrophic in that they require in- 

organic carbon (C032- or HCO3-) for synthesis. 

reaction using representative yields and oxygen consumption is: 

This process requires two strains of bacteria - Nitro- 

These two bacteria are found 

The overall biochemical 
6 8  

- 
NH4++ 1 . 8 3  02 + 1.98  HCO3 ----* 

- 
0.021 CgH7N02 + 1.04 H20 + 0.98 NO3 + 1.88 H2CO3. 
(biomass ) 

This reaction generates acid. If the C02 is not removed by air stripping, 

it may be necessary to add base to maintain the pH within the range where 

the bacteria can function at a reasonable rate. Trace nutrients are added 

if they are not already present in the waste (e.g., sewage). 69 Nitrifica- 

tion conditions are described in more detail in Sect. 4.4.11.6, where 
Case 3 is developed. Biological nitrification has been applied successfully 

to a variety of inorganic and organic industrial wastes. 70 

wastes, the ammonia-nitrogen content has been reduced from 500 to 1000 mg/R 
to <I mglR. 

With inorganic 

70 

- Denitrification is an anoxic (absence of oxygen) biological process in 
which nitrite and nitrate are reduced to nitrogen gas (Nz). Several differ- 

ent types of bacteria commonly found in activated sewage sludge and in soils 

and streams around the world can cause denitrification. These bacteria are 

facultative in that they can use either oxygen or nitrate ions in metabolism. 

An organic carbon source must be supplied. 

economy, although ethanol and calcium acetate have also been used. 
71 ing to McCarty et al., the reaction with methanol is as follows: 

Typically this is methanol for 

Accord- 
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- 
NO3 + 1.08 CH30H + 0.24 H2CO3+ 

0.056 C5H702N + 0.47 N2 + 1.68 H20 + HCO3- . 
(b iomas s ) 

68 The biochemistry of the denitrification reaction is not fully understood. 

While the pH does rise, in the systems studied to date it has remained 
within the range where the bacteria can function72 and the increase has not 

been as great as predicted by the equation. Trace nutrients are added if 

they are not already present (e.g., sewage). Denitrification conditions 

are described in more detail in Sect. 4.4.11.6, where Case 3 is developed. 

Suspended growth-type denitration systems are in use for industrial wastes 

at the DOE Y-12 Plant in Oak Ridge and at the DuPont nylon plant in Kingston, 

Ontario, Canada. 73,74 

Neither nitrification nor denitrification has ever been tested experi- 

mentally on uranium refinery wastes. 

tities of a number of toxic substances which are not encountered in the 
systems tested to date, and whose effects on the bacteria are not known. 

In addition, refinery wastes are of variable composition due to variations 

in the yellow cake feed. 

required before these methods are ready for industrial use at a UFg plant. 

Refinery wastes contain trace quan- 

Research and engineering development would be 

4.3.2.6 Thermal denitration. A number of metal nitrates can be 
thermally decomposed to the oxide by calcination. 75y76 
contain NO 
commonly hydrated. The decomposition temperatures vary but generally fall 

in the range between 350 and 700°C except for the alkali-metal nitrates, 

which are more stable. Ammonium nitrate decomposes when heated above 

200°C.58 

The off-gas will 

and sometimes HNO3 and water,since some metal nitrates are X’ 

At temperatures between 200 and 26OOC nitrous oxide is formed: 

NHkNO3 N20 + 2H20. 
At higher temperatures nitrogen, oxygen, and water are the products: 

The decomposition of ammonium nitrate is potentially explosive, particu- 

larly in the presence of carbonaceous matter. 
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The Fernald refinery operated a rotary calciner in the late 1950s to 

recover nitric acid values from the raffinate. 2 1 y 7 7 y 7 8  

maintenance operation because of the presence of chloride and other corro- 

sive salts, and was later discontinued. More recent tests indicate that 

the characteristics of the waste have changed, presumably because of modi- 

fications in the mill circuits which in turn affected the composition of 

It was a high- 

the refinery feed. With current wastes, only 

achieved at 650°C. 21 Complete denitration is 

the solids. The waste processed in the 1950s 

little ammonium nitrate since essentially all - .  

recovered. 77 9 7 8  Its metal-iofi composition i s  

tem could not handle sodium ions. 

60 to 80% denitration can be 
necessary in order to store 

obviously contained very 

the nitrate values were 

not known. The Fernald sys- 

Calcination has also been investigated as a means of reducing highly 

radioactive wastes to solids. 79 
has been successfully demonstrated at the Idaho Waste Calcining Facility. 

The wastes were predominantly'aluminum and/or zirconium nitrates. Air was 

used to fluidize the bed, and the NOx was vented to the atmosphere. 

nitrate created difficulties with particle agglomeration because it is 

relatively low-melting (304"C), yet did not decompose at the calcining 

temperature. 82-84 
however, species tended to recombine in the off-gas, plugging the filters.8I 

Case 4 uses thermal denitration of magnesium nitrate to recover nitrate 

A fluidized-bed calciner operated at 400°C 
80,81 

Sodium 

Ammonium nitrate was accommodated in the Idaho calciner; 

values in the waste (Sect. 4.4.11.7). The detailed chemistry of the system 
is not known. Most engineering studies have dealt with the alumina-based 

system, which may behave differently from the magnesia system. Therefore, 
research and engineering development would be necessary before this method 

is ready for industrial use. 

4.3.2.7 Ammonia removal by calcining the yellow cake feed. honium 

diuranate [ ( N H L , ) ~ U O ~ ]  can be thermally decomposed. 85 

is driven off by heating to 320 to 370"C, yielding uranium trioxide hydrate 

as the first product. The uranium trioxide (UO3) does not begin to decompose 

until about 400°C; complete conversion to U3Oe occurs between 650 and 800°C. 

In Case 3, part of the yellow cake feed is heated to 370 to 400°C to vola- 

tilize ammonia while minimizing the formation of U308, which is difficult 

Most of the ammonia 
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to dissolve (Sect. 4.4.5.1). This reduces the ammonium load to the waste 

treatment system. The off-gas carries entrained dust, which is collected 

by bag filters. 

4.3.2.8 Ammonia removal from alkaline wastewater by volatilization. 

Ammonia can be removed from solutions by making the solution basic (pH of 
10.5 to 11.5), to shift the equilibrium 

NHq+ + OH- 2 NH4OH _7 NH3 + H20 

to molecular NH3, and then using physical processes such as air- or steam- 

stripping or distillation to volatilize the molecular NH3. 86 Distillation 

was selected in Case 4 since the nitrate solutions must be concentrated, 
in any event, and air-stripping would generate airborne mists which might 

carry radioactive materials (Sect. 4.4.11.7). 

4.3.2.9 Evaporators. Evaporation is commonly used in the chemical 
industry to concentrate aqueous solutions by boiling off water and volatile 

chemicals, leaving behind the soluble salts and materials having a lower 

vapor pressure than water. The separation (decontamination) of radioactive 

salts depends on the amount of particulates entrained in the vapor and the 

efficiency of the demisting devices. 

boiling or foaming, which tends to cause entrainment. 
Care must be taken to avoid too rapid 

A wiped-film e~aporator-dryer~~ is used in Case 4 to concentrate neu- 
tralized solvent extraction wastes before calcining. This type of evaporator 

is used extensively in industry to convert aqueous slurries to pastes (e.g., 
caramel or tomato paste) or to free-flowing powders (e.g., powdered coffee). 
The material to be concentrated enters the feed section before the thermal 

wall and is distributed in a thin [about 1-mm (40-mil)] uniform film by the 

centrifugal action of the rotating blades. The blades impart a high veloc- 

ity [6  to 10 m/sec '(20 to 30 ft/sec)] to the material at the site of maximum 

heat transfer from the film and accelerate the formation of vapor. Concen- 

trated material exits through the bottom discharge section, while vapors 

exit through the separating section and out the vapor opening. These fea- 

tures make a wiped-film evaporator suitable for handling viscous material 

and solutions containing precipitated solids. Alkaline LWR radioactive 
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wastes containing sodium nitrate (NaN03) and nitrite (NaN02) as primary 

constituents, along with sodium aluminate (NaAl02) and sodium sulfate 

(Na2S04), have been concentrated satisfactorily by this method. 87 

decontamination factors have varied from 5 x lo3 to 3 x l o 5 .  
The 

4.3.2.10 Fractional distillation (rectification). Fractional distil- 

lation in multiple-plate or packed towers is widely used in industry as a 

means of separating volatile components of a mixture. The vapor rising 

from a still comes in contact with a condensed portion of vapor previously 

evolved from the same still. 

ents from the vapor stream, at the same time being stripped of a portion 

of the content of low-boiling material. 

The reflux scrubs the higher-boiling constitu- 

Rectification is used in Case 4 to.concentrate recovered dilute nitric 
acid for recycle to the process, and to concentrate the ammonia solution 

to an industrially useful level (Sect. 4.4.11.7). Precautions must be taken 

to avoid the buildup of chloride and fluoride, which are highly corrosive 
in the nitric acid concentrator. 47 y49 
tion as CaF2 before thermal denitration. 

Fluoride is controlled by precipita- 

An ozone sparge is used to remove 

chloride. Acid is withdrawn from a high-chloride plate (usually 15 to 

20 wt % HN03) t o  a sparge tank, where it is contacted with a 1% ozone-air 
mixture. The chloride is oxidized to chlorine according to: 

2H+ + 2C1- + 0 3 1  C12 + H20 + 02, 

and the chlorine is removed with the ozone-air sparge mixture. Sparged 

acid is returned to the next lower plate in the recitifer. The ozone sparge 

was used successfully at the Fernald refinery in the 1950s,~~ and has been 

tested recently at the DOE Y-12 Plant. 88. 

4.3.2.11 Activated-carbon adsorption. 70y89y90 Adsorption on granular 

activated carbon is one of the best commercially proven methods for removing 

organic chemicals from wastewater. 

(C, and C2) and large complex molecules adsorb poorly or not at all. 

adsorption system consists of columns loaded with granular activated carbon. 

Flow can either be down (fixed-bed operation) or up (expanded-bed operation). 

Loading rates are typically 80 to 200 R/m2 (2 to 5 gal/ft2). Modes of opera- 

tion include columns arranged in parallel, columns arranged in series, and 

In general, only the smaller organics 

The 
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a moving-bed column where fresh carbon is added at the top and spent carbon 

is removed from the bottom in periodic pulses. The moving-bed column 

achieves a high degree of carbon saturation with minimum carbon inventory 

but requires a clarified feed containing <IO mg of suspended solids per 
liter. The spent carbon can be regenerated by controlled oxidation in a 

furnace in an oxygen-starved atmosphere. Carbon losses by oxidation and 

attrition as fines range from 5 to 10% per cycle. The design of the adsorp- 

tion ana regeneration system will depend on the equilibrium capacity of the 

carbon and the overall rate of absorption. In Case 4+ activated carbon is 
used to remove volatile organic materials from the recycle water stream 

(Sect. 4.4.11.7). 

4.3.2.12 Process changes. In addition to treatment methods applied 

directly to the liquid waste, the case studies include several process 

changes that reduce the load to the waste treatment systems: 

1. operation of the primary fluorination tower with 10% excess 
fluorine, rather than 40% excess (reduces fluoride liquid 

waste, Sect. 4.4.8.3); 

2. addition of a more efficient fluorine cleanup reactor 

(reduces fluoride liquid waste, Sect. 4.4.8.3); 

3. addition of a UFg cleanup reactor (reduces uranium and 

fluoride liquid waste, Sect. 4.4.8.3); 

4. addition of more efficient condensers on the fluorine 

cells (reduces fluoride liquid waste, Sects. 4.4.8.7, 

4.4.9.1, and 4.4.9.2; 

5. calcination of part of the yellow cake feed before 

digestion (reduces the ammonia load to waste treatment, 

Sects. 4.3.2.7 and 4.4.11.6); 

6. elimination of sodium salts from the plant feed (facili- 

' tates recycle of the nitrate values in the SX raffinate 
waste, Case 4, Sect. 4.4.11.7, and provides an optional 

method of reducing the NaHC03 salt release in Case 3, 

Sect. 4.4.11.6). 
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4.'3.3 Solid radwaste-chemwaste treatment methods 

The principal solid wastes are generated by the various liquid waste 

treatment systems (Sect. 4.3.2). Solids are either impounded on-site or 

are prepared for shipment off-site. 

4.3.3.1 Impoundment. The basin used for clarifying or storing liquid 

wastes (Sects. 4.3.2.1 and 4.3.2.2) may also serve as the storage repository 

for solids generated by the liquid waste treatment systems. In Cases 1 and 

2, the radwaste sludges from treating the solvent extraction raffinate are 

impounded on-site; in all case studies, the fluoride sludges are impounded 

on-site (Sect. 4.4.14). This is the present practice in the industry. ' 

4.3.3.2 Drying and drumming. Moist solid waste or concentrated liquid 

from an evaporator can be dried and the dry solids. packaged in 200-R (55-gal) 

drums for shipment to a licensed burial ground. Off-gases, which consist of 
water and any volatile chemicals, carry entrained dust. 

Spray dryers are suitable for drying a wide range of materials 

from solutions to pastes and are widely used in industry. Examples include 

gypsum (CaS04*2H20), aluminum hydroxide [Al(OH)3)], and potassium nitrate 

(KNO3). 
and dried as the spray droplets pass through a heated chamber. 

product is collected by a bag filter. Spray drying is used in Case 3 to 

dry the precipitated radwaste solids, which are predominantly a mixture 

of CaS04-2H20 and Al(OH)3 (Sect. 4.4.11.6). 

Basically, the material to be dried is atomized into an air stream 

The dried 

A wiped-film evaporator (described in Sect. 4.3.2.9) is used in 

Case 4 to produce dry crystals of the soluble salts that must be removed 
from the nitric acid recovery circuit (Sect. 4.4.11.7). This waste is 

drummed since it will require special storage. 

ing equipment. 

Costs include dust collect- 

4.3.3.3 Fixation in cement. Incorporation in cement is an established 

method of waste disposal at nuclear installations. 

drummed and then transferred to a licensed burial ground. 

slightly soluble wastes such as the precipitated solvent extraction sludges 
in Case 4 is beneficial in reducing the potential long-term leaching of 

The cemented wastes are 

Cementing of 

radioactive materials by natural waters and the diffusion-controlled release 
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of radon if the integrity of the drums should fail. A mixture of 15% 

solids, 45% cement, and 40% water is generally satisfactory. Cementing 

is of little benefit for soluble salts which are readily leached from the 

cemented solids even when higher cement/salt ratios are used. 

94 

94 

4.3.3.4 Incineration. 95 ' 96 Incineration in a multiple-hearth furnace 

is an established method of disposal for sewage sludge and has been demon- 

strated in full-scale tests to recover lime from CaC03 for recycle at 

sewage treatment plants. Incineration is used in Case 3 to reduce the 

volume of chemical and biological solid wastes requiring disposal 

(Sect. 4.4.11.6). 

The multiple-hearth furnace consists of a vertical, cylindrical, 

refractory-lined steel shell with self-supporting sprung arches (hearths) 

at intermediate points over the furnace height. The sludge passes down- 
ward through the furnace via holes located alternately at the periphery 

and center of a series of successive hearths. A system of plows attached 

to slowly rotating arms transfers the material across the hearth. This 

ensures that all media passing through the furnace are continuously raked 

t o  facilitate thorough drying and even combustion. 

into three distinct operating zones: (1) the drying zone, consisting of 

the upper hearths where most of the moisture is evaporated and the off- 

gases are cooled; (2) the reaction zone at 800 to 900°C where the CaC03 
is decomposed and/or biomass burned; and ( 3 )  a zone which cools the ash 

and at the same time preheats the combustion air. Off-gases are cleaned 
by passing through a cyclone and wet scrubber. 

The furnace is divided 

4.4 Solvent Extraction-Fluorination UFg Plant 

4.4.1 Summary 

Process. A simplified flow diagram for the solvent extractiow 

fluorination model plant (SX-F or "wet" process) is presented in Fig. 4.1; 
more-detailed flow diagrams showing Case 1 off-gas treatment are given in 
Figs. 4 . 2  - 4.4. The SX-F model plant purifies the uranium before conver- 

sion to UFg. 
* 

The first step in the process is to dissolve the yellow cake 

*In contrast, the model F-F UFg plant (Part 1) purifies the uranium,both 
during and after conversion to UFg. 
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in nitric acid. The uranium is then purified by solvent extraction of the 
uranyl nitrate with TBP, an organic chemical which combines selectively 

with the uranyl ion. Most of the impurities are rejected to the aqueous 

waste (raffinate), which is the principal radwaste from the plant. The 

purified uranium is thermally denitrated to U03 and is then reduced with 

hydrogen to U02, hydrofluorinated to U F 4 ,  and finally fluorinated to U F g  

gas in a series of high-temperature reactors. 

and transferred to cylinders for shipment to the enrichment plant. The 

model plant has two lines for the conversion of U03 to U F g .  

also produces fluorine by electrolysis of H F ,  a process which generates 
fluoride wastes but no radioactive effluents. 

The U F g  product is condensed 

The plant 

A number of recovery operations are carried out to minimize uranium 

losses and provide efficient chemical usage. High-efficiency dust collec- 

tors are used on dry materials handling operations. The ash that collects 

at the bottom of the fluorination tower, predominantly unburned U F q ,  is 

recycled directly to fluorination. Other scrap containing fluoride, such 

as the fluorination filter fines, is recycled to solvent extraction by 

dissolving it in nitric acid with Al(NO3)3 to complex the fluoride. 

acid is recovered from the denitration off-gases, and aqueous H F  from the 

hydrofluorinator off-gas. Although the recovered H F  cannot be recycled 

within the UFg plant, it is suitable for off-site industrial usage. The 

base plant includes a cleanup reactor to recover fluorine; in addition, 

wet scrubbers are used to remove noxious gases before off-gases are 

released. 

Nitric 

Advantages of the SX-F process are: (1) the technology is in the 

public domain; ( 2 )  "nuclear-grade" intermediate products - U02 for p e l l e t  

fabrication and UF4 for reduction to metal - are produced; ( 3 )  the process 

potentially releases smaller quantities of airborne radioactive materials 

than does the F-F process because there are fewer steps where semirefined 

yellow cake containing radium and thorium (major contributors to the dose) 

are handled; and ( 4 )  aqueous HF suitable for industrial use is recovered. 
The SX-F process has the potential for higher waterborne releases than the 

F-F process since it generates a large quantity of liquid nitrate waste 
(%5 R per kg of uranium processed) containing soluble radioactive materials, 
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toxic heavy metals, and corrosive chemicals. This is a difficult waste 

to treat. In contrast, the F-F process generates a nearly insoluble 
calcium fluoride radwaste. 

Summary tables of radioactive releases (source terms), chemical 

releases, treatment methods and efficiencies, and solid radwastes gener- 

ated are presented in Tables 1.1 and 4.6-4.11 for gaseous, liquid, and 
solid wastes. 

Details of the model SX-F UFg plant processes, the waste treatment 

case studies, and source-term calculations are given in Sects. 4.4.2- 

4.4.15. Uranium recovery and treatment of the off-gas are discussed in 

conjunction with the refining and conversion processes. 

liquid and solid wastes is presented in Sects. 4.11-4.14. Streams are 

assessed separately to show the benefit of the individual treatment methods. 

Many of these methods could be applied independently; for example, a plant 

could employ any desired combination of the features of Case 1 and Case 2 
off-gas treatment, Case 3 biological denitration, and a Case 4 fluorine 
cleanup reactor. 

Treatment of the 

Case 1 waste treatment. Case 1, the base case, represents the minimum 

treatment necessary to operate the process. Plant effluents are acceptable 

radiologically (i.e., releases are below the levels stipulated in 10 CFR 20, 
Appendix B, Table I1 Concentrations) but may not be acceptable chemically 
at all sites. The principal objective of the waste treatment is to recover 

uranium and nitric acid in cases where the economic value of the recovered 

material exceeds the treatment cost; other objectives are to decrease the 

radioactive contents of liquid effluents and to reduce the quantities of 

noxious fumes (e.g., HF, NOx, and H2S) produced since their release would 

create unacceptable working conditions within the plant. Waste treatment 

consists of (1) the installation of primary and sometimes secondary filters 

and scrubbers on all process off-gas streams (Table 4.8), and (2) the 

precipitation of radioactive materials and toxic heavy metals from the 

solvent extraction raffinate by barium carbonate treatment (radium control) 

and lime neutralization. Large quantities’of nitrate salts (14 MT of NO3 

per day) are released in liquid effluents (Table 4.10). Fluoride isremoved 

incidentally in Case 1 by combining fluoride-bearing wastes with calcium- 

7 
- 
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bearing wastes and allowing the precipitated CaF2 to settle. This step, 

which is specific to Case 1, is not a general treatment method. The cost 

of the waste treatment for Case 1 is considered to be a part of the base 
plant since most systems are essential for the operation of the process. 

Case 1 serves as the base for the cost/benefit analysis; it does not 

necessarily describe current industrial practices. 

Airborne waste treatment, Cases 2-4. Case 2 off-gas treatment reduces 

the amounts of radioactive materials and chemicals released in the process 

off-gas (Tables 4.6a, 4.6b, and 4.7). Treatment consists of the installa- 

tion of efficient primary, secondary, and sometimes tertiary dust collec- 

tors and wet scrubbers on all process and materials handling streams 

(Table 4.8). This essentially represents the practical limit of existing 

technology in the public domain. Airborne radwaste releases from the 

process are low in Case 2 (Table 4.6b). About two-thirds of the total air- 

borne losses occur via the untreated building ventilation effluent. Case 3 

applies treatment to the building ventilation and the ash degassing line 

(Table 4.6~). In Case 4, HEPA filters are added to the process off-gas, 
and bag filters (99.9% efficient) are used on the building ventilation to 

collect additional radioactive materials (Table 4.6d). Airborne chemical 

releases are further reduced by process changes (a more efficient F2 clean- 

up reactor, and HF condensers) and additional scrubbers (Table 4.7). Most 

of the Case 4 technology is not available for immediate use either because 

it has not been fully developed or because it is proprietary. 

Liquid nitrate waste treatment, Cases 2-4. In Case 2, the nitrate 

waste (the solvent extraction raffinate) is neutralized with ammonia to 

precipitate the bulk of the radioactive materials and is then impounded 

in lined lagoons (Sect. 4.4.11.5). This is a temporary solution; however, 

impoundment is the only alternative to releasing the nitrate that is 

available for immediate use, and is the method currently being used by 

domestic ind~stry.’~ Case 2 is not directly comparable to the other case 

studies because it does not address final disposal of the nitrate. Addi- 

tional waste treatment costs and/or environmental impact may be incurred 

in the future. 
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Liquid n i t r a t e  Case 3 treats t h e  waste w i t h  bar ium ca rbona te  (radium 

c o n t r o l )  and l i m e  t o  p r e c i p i t a t e  r a d i o a c t i v e  materials and t o x i c  heavy 

metals, followed by b i o l o g i c a l  n i t r i f i c a t i o n  ( o x i d a t i o n  of NH4 

and b i o l o g i c a l  d e n i t r i f i c a t i o n  ( r e d u c t i o n  of NO3 t o  N 2  g a s )  (Sect .  4.4.11.6). 

The b i o l o g i c a l  system is  somewhat s i m i l a r  t o  an a c t i v a t e d - s l u d g e  sewage 

t r e a t m e n t  p l a n t .  Case 3 s u g g e s t s  a p o s s i b l e  way t o  r educe  n u t r i e n t r e l e a s e s ;  

t h e  r a d i o n u c l i d e  releases are similar t o  t h o s e  i n  Case 1. The e f f l u e n t  

carries about  4 MT of sodium b i c a r b o n a t e  (baking soda)  p e r  day. A f t e r  

d i l u t i o n  by a s m a l l  15-cfs  (0.4-m3/sec) stream, t h e  s a l t  c o n c e n t r a t i o n  is  

below t h e  t a s t e ” t h r e s h o 1 d .  I f  d e s i r e d ,  t h e  s a l t  release could  be  reduced 

+ t o  NO3-1 
- 

by r e s t r i c t i n g  sodium sal ts  i n  t h e  ye l low cake  f e e d .  Case 3 i n c l u d e s  

c a l c i n a t i o n  of p a r t  of t h e  ye l low cake  f e e d  t o  t h e  UFg p l a n t  t o  r educe  t h e  

q u a n t i t y  of ammonium sal ts  i n  t h e  w a s t e .  Case 3 h a s  never  been demonst ra ted  

on uranium r e f i n e r y  wastes and t h u s  would r e q u i r e  r e s e a r c h  and development 

b e f o r e  i t  is  ready  f o r  i n d u s t r i a l  use.  

I n  l i q u i d  n i t r a t e  Case 4 ,  t h e  radwas te  and some of t h e  co r ros ivechemi -  

c a l s  are p r e c i p i t a t e d  f i r s t ,  fo l lowed by r ecove ry  of ammonia f o r  o f f - s i t e  

i n d u s t r i a l  u s e ,  recovery  of n i t r i c  a c i d  f o r  r e c y c l e ,  and r ecove ry  of water 

f o r  r e c y c l e  (Sec t .  4 .4 .11 .7) .  The n i t r i c  a c i d  r ecove ry  system i s  based on 

magnesia as a c a r r i e r  and i n c l u d e s  an e v a p o r a t o r ,  a c a l c i n e r ,  a n i t r i c  a c i d  

r e c t i f i e r ,  an NO a b s o r b e r ,  a n  ozone s p a r g e  ( t o  remove c h l o r i d e ) ,  and a 

magnesia recovery  system. A l k a l i - m e t a l  i o n s  create s e r i o u s  problems i n  t h e  
X 

waste calciner.  The re fo re ,  i n  Case 4 ,  sodium (and o t h e r  a l k a l i - m e t a l  i o n s )  

must be r e s t r i c t e d  i n  t h e  ye l low cake  f e e d .  I n  a d d i t i o n ,  i n t e r n a l  p r o c e s s  

changes must be  made t o  e l i m i n a t e  t h e  u s e  of a l k a l i - m e t a l  i o n s  i n  t h e  

r e f i n i n g  s e c t i o n  (but  n o t  i n  t h e  UO3 t o  UFg conver s ion  s e c t i o n )  of t h e  

p l a n t .  The changes i n  m i l l  p r o c e s s e s  t o  produce t h e  Case 4 f eed  w i l l  

i n c r e a s e  t h e  c o s t s  t o  t h e  m i l l  o p e r a t o r  b u t  w i l l  have no adve r se  envi ron-  

mental impact a t  t h e  m i l l .  Research and development are r e q u i r e d  b e f o r e  

Case 4 n i t r a t e  t r e a t m e n t  is  ready  f o r  commercial a p p l i c a t i o n .  

Recovery of ammonium n i t r a t e  and o t h e r  n i t r a t e  sa l ts  f o r  i n d u s t r i a l  

- use .  

which is  a v a l u a b l e  chemica l ,  would be  more r e a s o n a b l e  t h a n  i t s  d e s t r u c -  

t i o n ,  as i s  c a l l e d  f o r  i n  Case 3 .  Y e t ,  r ecove ry  as n i t r i c  a c i d  f o r  r e c y c l e  

On t h e  s c a l e  of o p e r a t i o n s  of a UFg p l a n t ,  t h e  r ecove ry  of n i t r a t e ,  
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within the UFg plant will be both difficult and expensive (Case 4 ) .  

option might be to recover a nitrate salt(s?) for industrial purposes, for 

example, ammonium nitrate for use as an explosive in the mining industry. 

A proposal has also been made.to recover a nitrate salt solution for use 
as a fertili~er.~~ 
of radioactive materials and toxic heavy metals such as cadmium (poisonous 

to plants). Lack of sufficient information prevented evaluation of these 

opt ions. 

Another 

The latter would require a very high level of removal 

Fluoride scrub liquors, Cases 2-4. All of the advanced case studies 

include lime treatment of fluoride scrub liquors to precipitate CaF2 

(Sect. 4 . 4 . 1 2 ) .  Water scrub liquors are released, while KOH scrub liquors 
are regenerated for recycle. The effluent contains very low levels of 

radioactive materials. 

such as more efficient HF condensers and a more efficient fluorine cleanup 
reactor, reduce the fluoride load to waste treatment. Case 4 also includes 

complete recycle of all liquid streams bearing radioactive materials. 

Treated scrub liquor from the fluorine cells is released; it is surplus to 

Internal process changes incorporated in -- Case 4 ,  

the process, has not been in contact with radioactive materials, and has a 

low chemical concentration after treatment. 

Solid radwastes Cases 1-4.  The principal radwastes are the sludges 

generated in treating the solvent extraction raffinate (Sects. 4 .4 .11  and 
4 . 4 . 1 4 ) .  These sludges contain U 

levels which are slightly higher than those in uranium mill tailings. In 

230Th, and 226Ra (Table 4 . 1 1 )  at nat ’ 

Cases 1 and - 2, the sludges are impounded in lined basins near the plant. 
This is the practice in the industry today. 97 Final disposition of the 

wastes is not addressed. These sludges represent a potential source of 

222Rn from the decay of the 226Ra. 

waste, although the rate of emanation will be low as long as the waste is 

wet (Sect. 4 . 4 . 1 5 ) .  Additional waste treatment costs and/or environmental 

impact may be incurred in disposing of these wastes. In Case 3 ,  the sludges 

are dried and packaged ready for shipment off-site to a licensed waste 

disposal facility (burial ground) or to a uranium mill for uranium recovery. 

In Case 4 ,  the sludges are incorporated in concrete to isolate the waste 

from the environment in the event that the integrity of the drums should 

fail. 

Radon is a gas and can diffuse from the 

The costs for shipping and burial are not included in Cases 3 and 4 .  
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Solid chemwaste, Cases 1-4. In the model plant, a CaF2 chemwaste is 

generated in treating the fluoride-bearing scrub liquors (Sects. 4.4.12 

and 4.4.14). This type of waste is nearly insoluble and has such a low 

radioactive content that it is barely distinguishable from ordinary wastes 

containing naturally occurring radioactive materials (Table 4.11). Such 

waste will continue to be stored on-site until a decision is made as to 

its final disposition. It might be processed to recover the fluoride at 

some future time, or perhaps covered with earth when the pit is decommis- 

s ioned . 
, . In addition to the CaF2 waste, the Case 4 nitrate waste treatment 

system generates about 0.4 MT of soluble salts such as NaOH and K N O 3  

(Sect. 4.4.11.7) per day. This waste is expected to contain only low 

levels of radioactive materials (Table 4.11); however, it is drummed for 

dry storage because the salts are readily water soluble. Storage costs 

are not included. 

4.4.2 Materials handling 

Large quantities of airborne dusts, generated by the dry materials 

handling operations, are the source of most of the airborne release of 
radionuclides (Table 4.6a-4.6d). Common to these operations is the need 

for high-efficiency dust collecting systems to minimize the loss of uranium 

and to protect the health of both workers and the general public. The 
origin of the process dusts is described in Sects. 4.4.3-4.4.8; the dusts 
generated in treating wastes are discussed in Sect. 4.4.11. The treatment 

methods for dusts containing radioactive materials are shown schematically 
in Figs. 4.5 and 4.6. The treatment of chemwaste dusts generated by the 

advanced liquid waste treatment systems is deferred to Sect. 4.4.11.. 

4.4.2.1 Case studies. The base plant, Case 1, includes 99.9% effi- 

cient pulse-jet bag filters on all dust control effluents from dry mate- 

rials handling operations. Aside from regulatory requirements, most of 

these bag filters are essential to the economic operation of the process. 

The material collected is automatically recycled. Six types of dusts are 

collected - yellow cake in the sampling plant (Fig. 4.5) (Stream 1 A )  and 

in the refinery (Stream 2A), purified U03 and U02 dusts (Stream 2C), UF4 

dusts (Stream 5A), ash dust before decay (Stream 6A), and ash dust after 
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decay (Stream 9A). Case 3 ,  in addition, has a dust release from drying 
and drumming the radwaste (Stream 10A). For best results, separate bag 

filters should be used on each individual stream in the plant since maximum 

efficiency is achieved when the equipment operates near design capacity; 

that is, separate bag filters should be supplied for drum dumping (2a), 

drum cleaning (2b), and so forth. The pulse-jet bag filters are in addi- 

tion to the vacuum cleaner bags, which collect coarse particles and debris. 

Air flows used for cost estimation are presented in Table 4 . 1 2 .  

A 

Case 2 treatment consists of secondary pulse-jet bag filters on all 

streams associated with dry materials handling. This is about the practical 

limit of existing technology. The purpose of the second unit is to collect 

particles which leak around seals or through holes in the bags of the first 

unit. Ordinarily, the second unit collects relatively little material. 

The efficiency of the secondary bag filters is assumed to be 86%. 

Case 3 applies 93% efficient baffle (orifice, self-induced spray de- 

duster) scrubbers to the building ventilation and process cooling effluent. 

Since two-thirds of the uranium losses in Case 2 occur through the building 

ventilation, greater dose reductions may be achieved by primary treatment 

of the building ventilation effluent than by tertiary treatment of effluents 

from materials handling or process off-gases (Sect. 7 ,  Table 7 . 4 ) .  

Case 4 applies 99.9% efficient bag filters to the building ventilation 

effluent and 99.95% efficient HEPA filters to all process materials hand- 

ling streams. Both capital and operating costs will be high. For cost 

estimating purposes, it is assumed that regular HEPA filters (HEPAs) can 

be used since these streams are not in direct contact with HF. However, 

accidental contact with HF is'possible and could shorten the life of the 

HEPAs or require the installation of HF-resistant HEPAs, thereby increasing 

operating costs. 

4 . 4 . 2 . 2  Source term calculations. Estimates of the airborne dust 

releases from materials handling operations are given in Tables 4.13  and 

4 . 1 4 .  These estimates were made by analogy to similar operations at the 

* 
Cases 1 and 2 do not address final. disposal of the radwaste. Case 4 
incorporates wet radwaste sludges in cement, which does not generate dust. 
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F-F p l a n t  ( P a r t  I) o r  a t  a uranium m i l l  s i n c e  no a c t u a l  d a t a  were a v a i l -  

a b l e .  In  Case 1, d u s t  releases v i a  t h e  b u i l d i n g  v e n t i l a t i o n ' e f f l u e n t  

are assumed t o  be  40% of t h e  p rocess  d u s t ' r e l e a s e s .  

The amounts of p a r t i c u l a t e  r a d i o n u c l i d e s  r e l e a s e d  ( i . e . ,  t h e  sou rce  

terms)  are p resen ted  i n  Tables  4.6a-4.6d f o r  bo th  a "low-impurity" and a 

"high-impurity" f eed .  The fo l lowing  assumptions were used i n  e s t i m a t i n g  

source  terms o t h e r  t han  uranium f o r  t h e  "low-impurity" f eed :  

1. 

2 .  

3 .  

4 .  

5 .  

6.  

The c rude  yel low cake d u s t s  r e l e a s e d  from materials handl ing  

o p e r a t i o n s  p r i o r  t o  s o l v e n t  e x t r a c t i o n  have t h e  s a m e  composi- 

t i o n  as t h e  f eed  (Sec t .  4 . 2 . 1 ) ;  t h a t  i s ,  f o r  each c u r i e  of 

U r e l e a s e d ,  t h e  fo l lowing  are r e l e a s e d :  1 C i  of 2 3 8 U ,  

1 C i  of 2 3 4 U ,  2.34  x 

234mPa,  8 . 4  x 

(na t  1 
C i  of 2 3 5 U ,  1 C i  of 234Th, 1 C i  of * ,x* 

C i  of 230Th, and 6 .0  x C i  of 226Ra .  

F i f t y  pe rcen t  of t h e  thorium and 0 . 5 %  of t h e  radium c r o s s  w i t h  

t h e  uranium d u r i n g  s o l v e n t  e x t r a c t i . o n  (Sec t .  4 . 2 . 3 ) .  

r e l e a s e d ,  0 . 5  C i  of 234Th, 

C i  of 
( n a t )  

For each c u r i e  of p u r i f i e d  U 

0.5 C i  of 234mPa, 4.2  x 

2 2 6 R a  are r e l e a s e d .  

C i  of 230Th, and 3 x 
t 

The f l u o r i n a t i o n  a s h  withdrawn from t h e  p rocess  c o n t a i n s  2% 

of t h e  U 

234mPa, and 230Th o r i g i n a l l y  p r e s e n t  i n  t h e  p l a n t  feed  

(Sec t .  4 . 4 . 8 . 2 ) .  

0 . 5 %  of t h e  2 2 6 R a ,  and 50% of t h e  234Th ,  ( n a t )  ' 

The f l u o r i n a t i o n  a s h  is  s t o r e d  6 months b e f o r e  r e c y c l e  t o  

p e r m i t  decay  of t h e  234Th and 234mPa. 

A s  gene ra t ed ,  t h e  radwaste  s o l i d s  from t r e a t i n g  t h e  s o l v e n t  

e x t r a c t i o n  r a f f i n a t e  c o n t a i n  h a l f  t h e  234Th and 234mPa ( t h e  

h a l f  which does n o t  c r o s s  w i t h  t h e  uranium d u r i n g  s o l v e n t  

3; 

( n a t )  The "old" ( p r i o r  t o  J u l y  10, 1 9 7 4 )  d e f i n i t i o n  of a c u r i e  of U 

For t h e  "high-impurity" f eed  option.,  t h e  230Th and 2 2 6 R a  a r e ,  respec-  
t i v e l y ,  4.25  x and 4.7 x C i  p e r  C i  of Unat .  

** 

t F o r  t h e  "high-impurity" f eed  o p t i o n ,  t h e  230Th and 2 2 6 R a  a r e ,  respec-  
t i v e l y ,  2.12  x 10-2 and 2 . 3 5  x 10-5 c i  pe r  c i  of unat. 



e x t r a c t i o n ) ,  a l l  of t h e  2 2 6 R a ,  and a l l  of t h e  230Th. 

long- l ived  30Th t h a t  c r o s s e s  w i t h  t h e  uranium i n  s o l v e n t  

e x t r a c t i o n  i s  recyc led  t o  t h e  misce l l aneous  d i g e s t e r  as a 

thor ium-f luor ide  complex, which i s  r e j e c t e d  t o  t h e  r a f f i n a t e  

(Sec t s .  4.4.8.2 and 4.4.5.41.1 

[The 

4.4.3 Yellow cake  sampling 

The ye l low cake f eed  t o  t h e  p l a n t  i s  r e c e i v e d  i n  drums, weighed, and 

sampled by t h e  f a l l i n g - s t r e a m  method. The drum i s  emptied i n t o  a hopper 

t h a t  i s  equipped w i t h  an  i n t e r n a l  r o t a t i n g  and s t i r r i n g  mechanism and then  

d ischarged  i n  such  a manner t h a t  i t  f a l l s  i n  a cont inuous  stream p a s t  

s t r a i g h t - l i n e  au tomat i c  samplers .  A 55-gal drum a t t a c h e d  t o  t h e  bottom of 

t h e  chamber c o l l e c t s  t h e  material r e j e c t e d  by t h e  sampler .  Equipment is  

c leaned  b e f o r e  and a f t e r  u s e ,  and a l l  material o t h e r  t h a n  t h e  sample is  

r e t u r n e d  t o  t h e  drum and redrummed. The sampling p l a n t ,  l o c a t e d  a d j a c e n t  

t o  t h e  model UFg p l a n t ,  i s  opera ted  by a n  independent  f i r m  which serves 

as a r e f e r e e  between t h e  m i l l  and t h e  UFg p l a n t .  

The a i r b o r n e  p a r t i c u l a t e s  and radon r e l e a s e d  by t h e  sampling p l a n t  

are as ses sed  i n  Sects .  4.4.2 and 4.4.15 r e s p e c t i v e l y .  

4.4.4 Yellow cake s t o r a g e  

A f t e r  sampling,  t h e  ye l low cake is  s t o r e d  i n  a s e a l e d  drum f o r  1 month * 
(o r  l onge r )  b e f o r e  be ing  processed by t h e  UFg p l a n t .  This  a l lows  t i m e  

f o r  a n a l y s e s  and b l end ing  f e e d s  t o  "smooth out"  chemical  r e a c t i v i t y  and 

i m p u r i t i e s .  The s t o r a g e  area i s  assumed t o  be  under roof  s o  t h a t  any 

s p i l l a g e  on t h e  o u t s i d e  of t h e  drums is  con ta ined  w i t h i n  t h e  bu i ld ing .  

Th i s  s t u d y  does  n o t  addres s  p o t e n t i a l  releases from n a t u r a l  water o r  wind 

e f f e c t s  on o u t s i d e  s t o r a g e  areas. 

Radon releases 'from s e a l e d  drums are d i s c u s s e d  i n  Sec t .  4.4.15. 

4 .4 .5  P u r i f i c a t i o n  ( r e f i n i n g )  by s o l v e n t  e x t r a c t i o n  

The SX-F p rocess  p u r i f i e s  t h e  uranium by s o l v e n t  e x t r a c t i o n  from a 

u r a n y l  n i t r a t e  s o l u t i o n  u s i n g  an o rgan ic  chemica l  - t r i b u t y l  phosphate  (TBP) ,  

* 
Longer s t o r a g e  t i m e  h a s  a n e g l i g i b l e  e f f e c t  on t h e  s o u r c e  terms. 
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which combines s e l e c t i v e l y  w i t h  t h e  u r a n y l  ion .  The ye l low cake from t h e  

m i l l  must f i r s t  be  d i s s o l v e d  i n  n i t r i c  a c i d ,  and t h e  p u r i f i e d  u r a n y l  

n i t r a t e  s o l u t i o n  must be  r econve r t ed  t o  a d r y  oxide.  N i t r i c  a c i d  i s  re- 

covered from NO o f f -gases  f o r  r e c y c l e  t o  t h e  p rocess .  Most of t h e  

i m p u r i t i e s  i n  t h e  ye l low cake  are r e j e c t e d  t o  t h e  aqueous waste c a l l e d  

r a f f i n a t e ,  which i s  t h e  p r i n c i p a l  radwas te  gene ra t ed  by t h e  SX-F p l a n t  

(Sec t .  4.4.11).  

X 

The TBP e x t r a c t i o n  is  n e c e s s a r y  t o  o b t a i n  t h e  h i g h l y  p u r i f i e d  uranium 

needed f o r  n u c l e a r  r e a c t o r s  even though t h e  ye l low cake  may have been 

p u r i f i e d  p r e v i o u s l y  a t  t h e  uranium m i l l  by amine s o l v e n t  e x t r a c t i o n  o r  i o n  

exchange. TBP is v e r y  s e l e c t i v e  i n  s e p a r a t i n g  uranium b u t  u n f o r t u n a t e l y  

does  n o t  e x t r a c t  uranium from s u l f u r i c  a c i d  s o l u t i o n s ,  t h e  on ly  a c i d  

p r e s e n t l y  cons ide red  economically a c c e p t a b l e  f o r  l e a c h i n g  t h e  o r e  a t  t h e  

m i l l .  

The r e f i n e r y  f low diagram is shown s c h e m a t i c a l l y  i n  Fig.  4.2. The 

s o l v e n t  e x t r a c t i o n  c i r c u i t  i s  d e r i v e d  p r i m a r i l y  from t h e  DOE-Fernald flow- 

s h e e t ;  however, some f e a t u r e s  such as t h e  s o l v e n t  t r e a t m e n t  system and 

n i t r i c  a c i d  r e c y c l e  r e f l e c t  t h e  systems i n  use  a t  t h e  newer Kerr-McGee 

p l a n t .  Cases 1 and 2 are based on an i d e a l i z e d  f e e d  c o n s i s t i n g  of 

(NH1,)2U207, U O 3 ,  and Na2U207. I n  Case 3 ,  t h e  amount of ammonium s a l t  is 

reduced by c a l c i n i n g  p a r t  of t h e  f eed  s i n c e  t h e  waste t r e a t m e n t  system i s  

l i m i t e d  in i t s  c a p a c i t y ' t o  d e s t r o y  ammonium i o n s  (Sec t .  4 .4 .11 .6) .  I n  

Case 4 ,  sodium and c h l o r i d e  sa l ts  are r e s t r i c t e d  i n  t h e  p l a n t  f eed  because  

they  p r e s e n t  problems i n  t h e  waste t r e a t m e n t  system (Sec t .  4 .4 .11 .7) .  

2 1  

22 

D e s c r i p t i o n s  of t h e  r e f i n e r y  p r o c e s s e s  and t h e  o r i g i n  of t h e  was te  

streams are p r e s e n t e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

The ye l low cake is  d i s -  3 ,5 ,22  4 .4 .5 .1  D i s s o l u t i o n  ( d i g e s t i o n ) .  

so lved  i n  40% HNO3 t o  produce a primary aqueous f eed  t h a t  i s  1 . 5  - M i n  f r e e  

HNO3 and has  a uranium c o n c e n t r a t i o n  of 540 g / t .  

o p e r a t i n g  t empera tu re  is 90 t o  105'C, and t h e  r e s i d e n c e  t i m e  i s  4 t o  8 h r .  

D iu rana te s  d i s s o l v e  r e a d i l y ,  w i t h  steam be ing  t h e  p r i n c i p a l  off-gas .  The 

compound U3O8 i s  more d i f f i c u l t  t o  d i s s o l v e ,  r e s u l t i n g  i n  h ighe r  i n s o l u b l e  

uranium l o s s e s ,  and g e n e r a t e s  an of f -gas  c o n t a i n i n g  n i t r o g e n  ox ides .  Except 

The normal d i s s o l v e r  
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for highly calcined U3O8, greater than 99:9% of the uranium dissolves 
within the first 0.5 hr.98 

dissolution of yellow cake : 
Equations of the following types describe the 

U03 + 2HNO3 --+ UO2(NO3)2 + H20, (3) 

Dissolution of u308 in dilute acid yields mainly NO, while the product in 

concentrated acid is principally N02. 23 

during a batch dissolution, the composition of the fumes may vary during 
the course of the digestion. 

Since both conditions are met 

Feeds are blended before dissolution to smooth the chemical reactivity. 

For example, the carbonate impurity in the product of alkaline leach mills 

may cause spattering from the COS release during dissolution. 
reason, feeds containing carbonate are usually diluted (e.g., blended) 

with yellow cake from acid-leach mills. A s  a result of heat loss in trans- 

fer and hold tanks, the temperature of the dissolver solution is normally 

30 to 50°C when the stream enters the extraction system. 

For this 

The various feed streams to the dissolver for the model plant are pre- 

sented in Fig. 4.2 and Table 4.15, including recycle streams and chemical 

additives which are discussed later in Sects. 4.4.5.2 - 4.4.5.8. About 

33.3 MT of uranium as yellow cake from the mills, 700 kg as Na2U207 recov- 
ered by solvent treatment (Sect. 4.4.5.61, and 170 kg as UFL, scrap (Sect. 

4.4.5.4) are dissolved on a daiiy basis. A simplified feed is considered 

for purposes of illustrating the waste treatment methods. 

the yellow cake from the mills is assumed to be a mixture of 42.5 mole % 

(NHq)2U207, 42.5 mole % UO3, and 15 mole % Na2U207, which dissolves as 

shown in E q s .  (1) - (3) without the formation of NO off-gas.’ The yellow 

cake also contains 0.31 wt % carbonate (on a uranium basis), which consumes 

In Cases 1 and 2, 

X 
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a small amount of acid (200 kg/day) during dissolution: 

. 2- 
C03 + 2H+ + H2CO3 -+ H20 + C02(g) . 

The other impurities in the yellow cake (see Table 4.2) are assumed to be 

present as salts which do not consume nitric acid. About 30 MT of HNO3 

is added to the dissolver on a daily basis. Approximately 45% is fresh 

makeup acid and 55% is recycle acid recovered from denitration of the 

uranyl nitrate (Sect. 4.4.5.8). 

In Case 3, the quantity of ammonium salts in the dissolver feed is 

reduced by calcining the yellow cake under controlled conditions (Sect. 

4.3.2.7). This is done to reduce the ammonium salt load to the waste 

treatment system (Sect. 4.4.11.6); however, some ammonium salt is needed 
as a salting agent for solvent extraction. The Case 3 dissolver feed is 

assumed to be a mixture of 60.5 mole % UO3, 12.5 mole % (NH4)2U2O7, 

15 mole % Na2U207, and 12 mole % u308. Dissolution of this feed is similar 

to the Case 1 feed except that about 10% less acid is consumed and a small 
amount of NO off-gas is formed from the U3O8 [Eqs. (4) and (5)]. 

X 

In Case 4, new restrictions that limit sodium (and other alkali-metal) 

salts are placed upon the yellow cake feed because such ions create prob- 

lems in the waste calciner (Sect. 4.4.11.7). For purposes of the study, 

the feed is assumed to be ammonia-precipitated or ammonium sulfate-washed 

yellow cake which has been steam-dried [e.g., 50% (NH4)2U,07 and 50% UOg]. 
Dissolution of the Case 4 yellow cake is similar to the Case 1 example. 
The Case 4 waste treatment system could also handle U02 and MgU207 feeds. 

4.4.5.2 Additives to the dissolver solution. In Cases 1, 3, and 4, 
BaC03 is added to the dissolver for radium control in the waste (Sect. 

4.4.11.2). It is more effective to have barium present as the dissolution 

proceeds than to treat the waste.21 

which consumes about 100 kg of acid per day [Eq. (6)], is necessary in 

order to achieve 99% radium removal. 

Addition of 160 kg of BaC03 per day, 

Substances which are sometimes added to the dissolver solution to 

control impurities include aluminum nitrate, fluorination ash, phosphoric 

acid, and iron (111). Aluminum nitrate is added in a 1:l mole 22,23,99,100 
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ratio (or higher) to complex fluoride ion. Otherwise, the fluoride ion 

will complex the lJOz2+, thereby decreasing the uranium extraction and 

increasing soluble uranium losses. When feeds that are high in thorium 

on a chemical basis (e.g., from Canada) are processed, fluorination ash 

or phosphoric acid may be added to form thorium fluoride or thorium 

phosphate complexes and thus obtain a better thorium-uranium separation. 

Iron (111) is occasionally added to prevent the precipitation of uranium- 

bearing compounds of molybdenum, vanadium, arsenic, or phosphate during 

solvent extraction. Most feeds contain enough iron naturally as impurities. 

* 

* 

Additives other than BaC03 to the primary dissolver are ignored in 

this study. It is assumed that only domestic yellow cake, which is low 
in thorium on a chemical basis, is processed. Under these conditions, no 

thorium complexing agent is added to the primary dissolver and an estimated 

50% of the thorium activity crosses with the uranium during solvent extrac- 

tion. 

4.4.5.3 Primary dissolver off-gas treatment. Nitric acid vapor and 

any entrained particulates are recovered with a venturi scrubber-condenser. 

The condenser is followed by a 20-plate NO absorption tower before the 

tail gases are released through a stack. 

slightly below atmospheric pressure so that nitrogen oxides do not escape 

from the process. The NO releases from digestion are expected to be small 

relative to the NO releases from denitration (Sect. 4 . 4 . 5 . 8 ) .  

X 
The dissolver system is operated 

X 

X 

4.4.5.4 Miscellaneous dissolution (scrap recycle). 22 About 0 .5% of 

the uranium processed is recycled as fluoride scrap. This material is 
principally the fluorination filter fines (Sect. 4 . 4 . 8 . 2 ) .  Chemically, 

these fines are mainly UF4 containing traces of impurities which cross with 

uranium during solvent extraction. Scrap containing fluoride is dissolved 

in nitric acid in the miscellaneous dissolver using 3 moles of Al(N03)3 
per mole of fluoride to complex the fluoride and reduce corrosion. The 

following equations describe the dissolution: 

* 
Normally, fluorination ash is processed through the miscallaneous 
digestor to minimize corrosion in the main digestor (Sect. 4 . 4 . 5 . 4 ) .  
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UF4 + 4HN03 --3 UO2(NO3)2 + 2N02 + 4HF, (7)  

3UF4 + 8HNO3 + 2H20 - 3U02(N03)2 + 2N0 + 12HF. (8) 

Recycle 230Th impurity is complexed by the fluoride and rejected to the 

raffinate during solvent extraction. 

The off-gas from the miscellaneous dissolver is scrubbed first in a 

venturi scrubber-condenser and then with a KOH venturi scrubber before 

entering the NO absorber. The purpose of the KOH scrub is to prevent 

HF, which forms a highly corrosive mixture with HNO3, from entering the 

recycle acid stream. The spent caustic scrub solution is added to the 

dissolver to ensure recycle of any uranium values. In Case 4, a lime 

slurry scrubber replaces the KOH scrubber because alkali-metal salts 

create problems in the waste calciner (Sect. 4.4.11.7). 

X 

4.4.5.5 Solvent e x t r a c t i ~ n . ~ ’ ~ ’ ~ ~ ~ ~ ~ ~  Purification i s  achieved’ by 

extracting the uranyl nitrate solution with 30 vol % TBP in a hexane 

diluent. The uranyl nitrate forms a complex with TBP [U02(N03)2*2TBP 1 
org 

which extracts into the organic phase, leaving most of the impurities in 

the aqueous raffinate (waste). The ammonium salt that is naturally 

present in the feed and the nitric acid serve as salting agents. 

The solvent extraction circuit is shown schematically in Fig. 4 .7 ; .  
the flows are presentediin Table 4.16. The primary aqueous feed from the 

dissolver (Stream 1) i s  diluted by an internal extraction recycle (Stream2): 

so that the extraction feed (Stream 3 )  has a uranium concentration of 

~ ~ 4 5 0  g/R and is ~ ~ 1 . 5  - M in HNO3. 
in hexane (Stream 4), leaving most of the impurities . .  in the aqueous extrac- 

tion raffinate (Stream 2R) that is discarded as waste. The uranium-loaded 

organic (Stream 6 )  is scrubbed (washed, Stream 7) to remove impurities 
which may have extracted along with the uranium, and the aqueous scrub 

raffinate (Stream 2) is recycled to the extractor. After scrubbing, the 

purified uranyl nitrate (Stream 8) is stripped (reextracted) from the 

organic phase with a relatively large volume of 0.005 - M recycle HNO3 
(Stream 9). Since nitric acid is no longer present, the purified uranyl 

nitrate transfers back to the aqueous phase (Stream 10) .  Stripping is done 

The uranium is then extracted with TBP 

’ ’  . 

. .  
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at 50 to 60°C because the higher temperature decreases the stability of 

the uranyl nitrate-TBP complex. 

which has a uranium concentration of %120 g/a, is scrubbed with fresh 

hexane to remove TBP from the aqueous product solution and is then passed 

through a decanter to remove entrained organic material. 

passage of organic matter into the subsequent evaporation and denitration 

steps. 

Aqueous wastes are also washed with hexaqe before leaving the extraction 

area. The composition and treatment of the raffinate waste (Stream 2R) 

are described in Sect. 4.4.11. 

The purified uranyl nitrate solution, 

This prevents 

The uranium l o s s  to the raffinate is assumed to be 0.10 g/R. 21 

Evaporative hexane losses from the solvent extraction circuit are 

estimated as 300 kg/day.22 Hexane is the preferred diluent for TBP even 

though it is more volatile than kerosene. A plant based on the TBP- 

hexane flowsheet has about triple the capacity of one based on the TBP- 

kerosene flowsheet without major addittonal capital expense, and generates 

a waste raffinate containing only one-third as much free nitric acid. 102 

4.4.5.6 Solvent treatment. In an acid environment, TBP is subject 

to slow hydrolysis to dibutyl phosphate and monobutyl phosphate, which 

form stable complexes with the uranium in the organic phase. 23 If these 

hydrolysis products are allowed to accumulate in the solvent, complete 

stripping of the uranium from the organic phase becomes impossible. In 

addition, impurities in the hexane react with nitric acid to form un- 

identified compounds which also retain uranium in the organic phase. 
Since these decomposition products are acidic, they can be removed by 

scrubbing with base. Traces of the organic amines used to extract uranium 

at some of the mills may also'accumulate in the organic phase. 

In the model the solvent is washed with (NHI+)~SOL, solution (Fig. 4.7, 
stream 12), NaOH solution (stream 131, and water (stream 14). 3'22 

NaOH precipitates the uranium as Na2U207. The uranium-rich aqueous stream 

is concentrated in a thickener, and the slurry is recycled to the dissolver. 

The solvent treatment waste (Stream 2T) contains (NHI,)~SOL+, NaN03, NaOH, 

an estimated 20 ppm uranium (by analogy to an acid legch uranium mill ) ,  

The 

2 

and small amounts of solvent degradation products. Treatment of the waste 
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is discussed in Sect. 4.4.11. Small amounts of soluble salts are recycled 

to the dissolver with the uranium slurry. 

In Case 4, Mg(OH)2 replaces the NaOH because sodium salts create 

problems in the waste calciner (Sect. 4.4.11.7). Magnesium hydroxide is 

used at the DOE-Fernald refinery to recover uranium from waste streams. 

Since Mg(OH)2 is insoluble, any excess is recycled to the dissolver with 

the uranium slurry. 

21 

The liquid flows used in the model for solvent treatment are presented 

in Table 4.16 and the chemicals in Table 4.17. There is uncertainty in 

these estimates, particularly for the chemicals. Since these areas repre- 

sent relatively small contributions to the waste, such errors do not 

significantly affect the assessment. 

DOE-Fernald refinery , 21 and chemical flows are based on the estimate that 
solvent treatment contributes ~ 5 %  of the annnonium ions in the waste. 

Caustic flows were estimated assuming 25% excess and the reaction 

The uranium flows are based on the 

22 

2U02(N03)2 + 6NaOH + Na2U207 + 4NaN03+ 3H20 . 
In addition to chemical treatment of the solvent, a bleed stream is 

sometimes distilled for additional purification. Evaporative hexane losses 

from the still are estimated as 460 kg/day. 22 
model plant in Table 4.7 assumes that the still operates 90 days per year 

(~30% of the time that the extraction circuit is operating). There is also 
an unavoidable hexane l o s s  from the solvent extraction circuit (Sect. 4 .4 .5 .5 )  

The hexane release from the 

4.4.5.7 Uranium trioxide production (denitration). 3,103,104 The 

purified uranyl nitrate solution must be reconverted to a dry oxide before 
conversion to UFg. This operation is shown schematically in Fig. 4.2. The 
solution,which is 0.005 - M in free HNO3 and has a uranium concentration of 

~ 1 2 0  g/a, is first evaporated to ~ 5 0 0  g/ll and then boiled down to about 

1200 g/k. This corresponds roughly to molten uranyl nitrate hexahydrate. 

The concentrated uranyl nitrate solution is fed into a continuously 

agitated bed of U03 particles heated to 300°C where it is thermally decom- 

posed. The uranium trioxide product overflows through an adjustable weir 

into a collection bin below the reactor. Since the product is a very dense 
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material, it is necessary to add enough (NJ&+)2SO4 (o r  sulfuric acid) during 
boildown to ensure 3000 ppm sulfate (uranium basis) in the finished product. 

This improves the reactivity in the subsequent reduction and hydrofluorina- 

tion steps (Sect. 4 . 4 . 6 . 1 ) .  In the model, 138 kg/day of (NH4)2S04 is used. 
(This compound is volatilized during reduction and becomes an airborne waste.) 

It is necessary to grind the U03 before conversion to obtain particles 

suitable for fluid-bed processing. This operation generates airborne dusts 

(Fig. 4 . 2 ,  Stream 2 C ) .  In the absence of data, it is arbitrarily assumed 

that the dust effluent from oxide grinding after cleaning the air with a 

bag filter (99.9% removal efficiency) is 1 . 2  x % of throughput 

(12 kglyear), and that grinding contributes an additional 1 kglyear to the 
vacuum cleaner system effluent.* 

*:\, 3,22 4 . 4 . 5 . 8  Denitration off-gas treatment and nitric acid recovery. 

Off-gases from evaporation and boildown are condensed (Fig. 4 . 2 ) .  Conden- 
sate that contains essentially no acid is reused as deionized water in the 

stripping columns. 

NO absorber. An estimated 4 3 , 0 0 0  R of 0.26 - M HNO3 per day, containing 
4% of the nitrate value in the U02(N03)2 (i.e., 710 kg of HNO3 per day), 
is discarded to the aqueous waste as surplus weak acid from evaporator over- 

heads and vacuum pump seal water (Fig. 4 . 2 ,  Stream 2 s ) .  

Part of the weak acid is used as scrub liquor for the 

X 

t 

Fumes from the denitrator are passed through a baffle-type wet scrubber 

and condenser system which recover 40% nitric acid for recycle. Condensate 

serves as the scrub liquor. An estimated 60% of the nitrate value and most 

of the entrained solids are removed. 

nitrogen oxides along with any nitrogen oxides from digestion, are drawn 

off to a bubble-plate absorption tower fed with condensate from the boil- 

down step (Sect. 4 . 3 . 1 . 4 ) .  A 30 to 32% HNO3 stream is withdrawn for recycle 

Tail gases, which still contain some 

* 
By comparison, the combined l o s s  of yellow cake dust at a uranium mill 
from drying, grinding, and packaging is estimated as 1 . 2  x % of 
the throughput with a 99.9% efficient bag filter.2 
is calculated from data collected at mills with less efficient dust 
collectors. 

Nitric acid recovery from the raffinate is discussed in Sect. 4 . 1 1 . 7 .  

The value for mills 

* k 

'Liquid waste treatment is discussed in Sect. 4 . 4 . 1 1 .  
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to digestion. An estimated 2% of the nitrate value in the UO2(NO3)2 

(i.e., 260 kg/day calculated as N02) is released through the plant stack 

(Fig. 4.2, Stream 2B). Material flows are given in Table 4.18. 

Although a 40% (or greater) HNO3 solution is preferred for digestion, 

withdrawing a 30 to 32% product minimizes chloride corrosion problems in 

the NO absorption tower. 

whereas chloride concentrates in the tower when 40% acid is withdrawn. 

Chloride is removed with the 32% product, 
X 

4.4.6 Reduction of UOq to UO? 

4.4.6.1 Reduction process. Uranium trioxide is reduced to U02 by 
105,106 H2 at a temperature of 538 to 621°C (1000 to 1150°F) according to: 

UO2(s) + H20(g) (AHo = -25.3 kcal) (ref. 105). U03(s) + H2(g) - 
In the SX-F model, hydrogen is supplied at twice the stoichiometric amount 

(i.e., 100% excess) required for reduction by cracking ammonia at 870°C 
* 

105 (1600°F) : 

Although the reduction reaction is exothermic, a net heat input is required 

for operation to raise the temperature of the feed from ambient to operating 

temperature and to compensate for heat losses via volatile impurities, 
reactant gases, convection, and radiation. lo7 

is 'essential. 

particle surfaces will interfere with further reaction in both the reduc- 

tion and the hydrofluorination steps. Therefore, both heating and cooling 

must be supplied to the reduction reactors. Efficient reduction is required 

to permit maximum conversion to UF4. Unreduced oxide hydrofluorinates to 

U02F2, which in turn consumes more elemental F2 in its conversion to UF6 

than does UF,, evolves more heat during fluorination, and does not fluori- 

nate as well, resulting in more ash recycle. 

Careful temperature control 

If the temperature is above the optimum, sintering of the 

* 
Only 50% excess hydrogen is used in the F-F modei (Part I) because the 
typical feed contains a large amount of sulfate impurity, which 'serves 
as a chemical promoter. 1 



-7 7- 

The model SX-F plant utilizes two-stage fluidized-bed reduction 

units 
control of the powder bed. The product is a highly reactive uranium 

dioxide (98 to 99.7% UOZ),'~ which can be fluorinated with only a 5 to 10% 
excess of hydrogen fluoride. 

'Io5 'Io8 which have excellent gas-solid contact and temperature * 

3,108 

About 3000 ppm sulfate is added during boildown (Sect. 4.4.5.7) as a 

chemical promoter to increase the productivity of both the reduction and 

subsequent hydrofluorination steps. **"05 y106y108 During reduction, the 

sulfate is reduced to H2S and volatilized. 

4.4.6.2 Reduction off-gas treatment case studies. Flow diagrams 

for the base plant, SX-F Case 1, off-gas treatment are shown in Figs. 4.3 

and 4.8. Uranium is recovered by passing the off-gas through primary and 

secondary sintered-metal filters with a mean pore size of 10 p .  In the 

SX-F process the recovered oxide fines are sent directly to hydrofluorina- 

tion.' 

added as a chemical promoter) and the excess H2: 

The off-gas is then burned to destroy the H2S (from the sulfate 

Material flows are shown in Table 4.19. 

is used in reduction; 50% excess air is used in the burner. The SO2 and 

uranium releases are estimated as 27 kg/day, or %0.07 v o l  % of the 
effluent gas, and 94 g/day respectively. Since data are not available 
for an SX-F plant, the uranium release is estimated from operational data 

f o r  an F-F plant and may be high. The SX-F plant fluidizes pure, dense 

oxide particles from denitration. 

fracture into fines than the particles used in the F-F process, which are 

One hundred percent excess H2 

These particles may be less likely t o  

* 1,45 
The F-F model utilized single-stage fluidized beds for reduction. 

-1. -1. ,. ,. 
Sufficient sulfate is naturally present as an impurity in the blended 
reduction feed at the F-F plant (Part I). 1 

'This is in contrast to the F-F process, where recovered fines are not 
suitable for fluid-bed processing and must be returned to the feed 
preparation (Part I). 1 
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produced by pelletizing and contain significant quantities of impurities 

that volatilize during reduction. Airborne source terms are estimated 

in Table 4.6a, assuming that 50% of the thorium and 0.5% of the radium 
cross with uranium during solvent extraction. 

In SX-F Cases 2 and 3, the off-gas from the burner is passed through 

a high-energy venturi scrubber which is 99% efficient on the fine 2-!-I 

particulates (Fig. 4.8 and Table 4.19). The venturi operates hot so that 

water vapor (a product of the reduction reaction and of burning the excess 

hydrogen) does not condense in the scrubber; scrub water is recirculated. 

This minimizes the volume of liquid effluent which must be treated. The 

system consists of a gas cooler, venturi, fan, demister, water cooling 

tower, and water recirculation system. The uranium release is estimated 

as 0.9 g/day. 

is withdrawn from the scrubber system on a daily basis. This slurry, 

which is recycled to the dissolver, has a negligible effect on the overall 

solvent extraction flows. Sulfur dioxide is not very soluble in water 

(2.08 g of SO2 per 100 g of H20 at 80°C). log 
<1% of the SO2 dissolves in the scrub liquor. 

given in Tables 4.6b and 4.6~. 

A bleed stream of 11 R of water containing 93 g of uranium * 

If the venturi operates hot, 
Airborne source terms are 

SX-F Case 4 adds HEPA filters which remove 99.95% of the particulates 
that pass the Case 3 system. This provision reduces the airborne uranium 

release from 0.9  g/day to 5 x 

release. 
g/day but has no effect on the SO2 

4.4.7 Hydrofluorination of UO7 to UFk 

4.4.7.1 Hydrofluorination process. Uranium dioxide is hydrofluori- 

nated to UF4 by reaction with HF at temperatures of 350 to 59OOC (650 to 
1100°F) according to: 110,111 

(AHO = -43.2 kcal). 

* 
The bleed stream is estimated for a slurry'of 1% solids. It may be 
possible to withdraw a more-concentrated slurry (i-e., less water). 
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A 10% excess (or more) of anhydrous HF is used. .The hydrofluorination 
reaction is generally more difficult to handle than the reduction because 

the reaction'is reversible at practical operating temperatures and is 
approximately twice as exothermic. 111y112 

reacted materials sinter at relatively low temperatures; operational 

difficulties due to bed caking and reduced reactivity are encountered. 

A temperature that is too low leads to HF-water condensation and the 

attendant problems of powder caking and corrosion. The 50% decrease in 

gas volume from 4 moles of H F  reactant to 2 moles of H 2 0  product creates 
problems in controlling gas flow in fluidized beds. 

The UF4 product and partially 

A fluidized-bed reactor has about two and one-half times the proces- 
111 sing capacity of a screw reactor at the same conversion efficiency, 

and is the.preferred technique in the United States (Table 4.1). 
amount of N 2  diluent [0.8 to 1.4 std m3/min (sm3/min)] is added to the 
HF to prevent ~ a k i n g . 1 ~ ~ ' ~ ~ ~  

65 to 70% conversion occurring in the primary hydrofluorinator. 

A small 

Two fluidized beds in series are used, with 
3,107,111 

This prevents sintering at localized hot spots in the primary reactor, 

where most of the heat is liberated, by limiting the amount of lower- 
melting UF4 present (mp, 960°C vs 2176OC for U 0 2 ) .  One stage in the 

hydrofluorination serves as the cleanup reactor for HF and the other stage 

for U02, thus providing a high conversion to UFL, and efficient HF utiliza- 

tion. External cooling is required for the primary hydrofluorinator to 

maintain the temperature below 510°C (950°F). Depending on the flowsheet, 

heating or cooling''' may be needed for the secondary hydrofluorinator. 
Conversion efficiency in the fluidized beds at the Paducah Gaseous 

Diffusion Plant ranges from 98.0 to 98.5%. 

the hydrofluorination step is 99.99%; essentially no l o s s  occurs. 

107 

Overall uranium yield for 
13 

4.4.7.2 Hydrofluorination off-gas treatment case studies. Flow 

diagrams for the base plant, SX-F Case 1, off-gas treatment are shown in 
Figs. 4.3 and 4.9. The dust-laden off-gas from hydrofluorination is 

cleaned by primary and secondary porous carbon filters that are 99.9995% 

efficient. Fines removed by the carbon filters go directly to fluorination 

(Sect. 4.4.8). Off-gases which are now l o w  in radioactive materials pass 

(1) to a water-cooled condenser system that recovers a-25 wt % aqueous HF 
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s o l u t i o n  f o r  i n d u s t r i a l  u se  ( 9 0 %  e f f i c i e n t  f o r  HF and 90% f o r  p a r t i c u l a t e  

removal) ;  and ( 2 )  t o  a high-energy,  water v e n t u r i  s c rubbe r  (95% e f f i c i e n t  

f o r  HF and 50% f o r  p a r t i c u l a t e  removal) .  E f f i c i e n c i e s  t h a t  have been 

confirmed i n  p l a n t  expe r i ence  are used f o r  HF. The p a r t i c l e  s i z e  of t h e  

p a r t i c u l a t e s  p a s s i n g  t h e  carbon f i l t e r s ,  a l t hough  unknown, must b e  v e r y  

f i n e ;  t h e r e f o r e ,  t h e r e  i s  u n c e r t a i n t y  i n  t h e  p a r t i c u l a t e  e f f i c i e n c i e s  

e s t ima ted  f o r  t h e  condenser and w e t  s c rubbe r s .  

Material f lows  f o r  SX-F Case 1 are shown i n  Table  4 .20 .  The water 

sc rubbe r  is  a s ing le -pass  type .  The gaseous e f f l u e n t  from t h e  o f f -gas  

t r ea tmen t  system (F igs .  4 .3  and 4 . 9 ,  Stream 4A)  c o n s i s t s  of 1 . 7  sm3/min 

of N 2  (used t o  f l u i d i z e  t h e  b e d s ) ,  %0.08 sm3/min of water vapor ,  and 

0.5 v o l  % HF. The d a i l y  a i r b o r n e  chemwaste and radwas te  r e l e a s e s  are 

8 kg of HF and <0.3 g of uranium r e s p e c t i v e l y .  

n e g l i g i b l e  compared w i t h  releases from d u s t  c o n t r o l  i n  m a t e r i a l s  h a n d l i n g  

o p e r a t i o n s  (Table  4 . 1 3 ) .  The t o t a l  amount of uranium p a s s i n g  t h e  carbon 

f i l t e r s  and t h e  amount of uranium r e l e a s e d  are based on o p e r a t i o n a l  d a t a  

f o r  an  F-F p l a n t .  

t h a t  50% of t h e  230Th and 0.5% of t h e  2 2 6 R a  c r o s s  w i t h  t h e  uranium d u r i n g  

s o l v e n t  e x t r a c t i o n .  

The uranium release i s  

15 The o t h e r  s o u r c e  t e r m s  are e s t i m a t e d  by assuming 

Hydrofluo,r ic  a c i d  recovery .  The recovery  of HF (F igs .  4 . 3  and 4 . 9 ,  

S t r e a m  4 0 )  w i t h  t h e  condenser  serves two purposes :  t h e  amount of  f l u o r i d e  

i n  t h e  l i q u i d  waste is reduced by a f a c t o r  of 10 ,  and a v a l u a b l e  chemica l  

i s  rec la imed.  A 15% excess  of HF i s  used i n  h y d r o f l u o r i n a t i o n  a t  t h e  model 

SX-F p l a n t  i n  o r d e r  t o  r ecove r  d i r e c t l y  an  i n d u s t r i a l l y  u s a b l e  concent ra -  

t i o n  of 25 w t  % HF. No p r a c t i c a l  means of b reak ing  t h e  HF-H20 a z e o t r o p e  

t o  recover  anhydrous HF f o r  r e c y c l e  w i t h i n  t h e  UFg p l a n t  i s  known. The 

recovered  HF s o l u t i o n  c o n t a i n s  ve ry  low levels  of a c t i v i t y  and i s  accep t -  

a b l e  f o r  release o f f - s i t e  ( s e e  Table  4 . 2 1 ) .  Its uranium c o n t e n t  i s  based 

.I. 

J; 

The F-F model p l a n t  p u r i f i e s  t h e  uranium bo th  d u r i n g  and a f t e r  convers ion  
t o  UFg. 
v o l a t i l i z e  d u r i n g  h y d r o f l u o r i n a t i o n ,  making t h e  condensed aqueous H F  
u n s u i t a b l e  f o r  i n d u s t r i a l  use .  The re fo re ,  t h e  F-F model p l a n t  does n o t  
u se  condensers  i n  Cases 1-3 and h a s  a h e a v i e r  f l u o r i d e  load  t o  t h e  waste 
t r ea tmen t  system than  does t h e  SX-F model. 

Some of t h e  i m p u r i t i e s  ( s i l i c o n ,  boron,  molybdenum, and vanadium) 
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on operational data for an SX-F plant, as well as on the amount of uranium 
15,22 which passes the carbon filters at an F-F plant. 

Cases 2 and 3. The gaseous HF release is reduced to 0.16 kglday by 

replacing the high-efficiency water scrubber in Case 1 with a train con- 
sisting of a medium-energy water scrubber (90% efficient for HF and for 

particulate removal) and a KOH packed tower (99% efficient for HF removal) 

(Fig. 4.10). The packed tower has a negligible effect on the very fine 

uranium dusts that pass the venturi scrubber. Gaseous and liquid flow 

rates are the same as in Case 1 (Table 4.20), except that there is an 

additional KOH waste stream. The KOH scrubber is a recirculating system 

to minimize the volume of caustic waste requiring treatment. 

SX-F Case 4. This case study illustrates the effect of replacing the 

water venturi scrubber in Cases 2 and 3 with a brine-cooled condenser, 

which increases the aqueous HF recovery from 90% to 99% (Fig. 4 . 1 0 ) .  

Case 4 also has HF-resistant HEPA filters to further reduce the already 
low airborne release of uranium from 0.3 g to 0.1 mg per day (Table 4.20). 

The airborne HF release of 0.16 kglday ( 6 3  ug/R) is the same ;is in Cases 2 

and 3. The brine-cooled condenser is beneficial in reducing the fluoride 

load to the liquid waste treatment system and associated CaF2 

by a factor of 10 (Sect. 4.4.12) but offers no advantage over 

scrubber in the off-gas treatment. 

chemwas te 

the water 

4.4.8 Fluorination,of UF4 to UF6 

13,108,114 4.4.8.1 Fluorination process, SX-F Cases 1-3. The SX-F 

model plant uses a tower flame reactor to burn the UF4 with F2 to Fg at a 

temperature above 1100°C: 

(AH" = -6 kcal) (ref. 115). 

The reactor is a ~20-cm-diam by 3.6-m-long Monel pipe with steam cooling 

coils on the outside to maintain the wall temperature between 315 and 540°C. 

At the top of the tower, particles of UF4 are dispersed into a stream of 

F2 which has been preheated to 315 to 370OC. The UF4 particles burn as 
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they fall through the tower. Unburned UF4 falls to the bottom,.while the 

UFg product, being volatile, leaves the reactor with the effluent gas 
stream.- Most impurities in the UF4 are not volatile during fluorination. 

SX-F Cases 1-3 are based on 40% excess F2 in the feed to the primary 

tower with no recycle of F2 to the primary tower (i.e., an "older" DOE 
flowsheet). 1087114 While F2 utilization as high as 90% for the primary 

tower 13y108 has been reported, some of the DOE technology is classified 
and not available for industrial use. 

UF6 collection. Gases from the primary fluorination tower, including 

UFg, 40% excess F2, HF (an impurity in the fluorine), and inert gases 

(to control the UF4 feed to the tower), pass through primary and secondary 

sintered-nickel or Monel filters to the first set of UFg cold traps, which 

are chilled to -18 to -29°C. Noncondensable gases (i.e., F2, HF, and 

inert gases contaminated with a little UFg) then pass to the fluorine 

cleanup reactor. The UFg product is melted, any entrained gases such as 

HF are allowed to vaporize into the off-gas system, and the pure UFg is 

drained into a 10-ton shipping cylinder. The heat exchanger surfaces were 

designed so as to avoid premature plugging and to minimize entrainment 

carryover of condensed UFg (see ref. 116) .  

Fluorine cleanup reactor, SX-F Cases 1-3. The effluent from the 

first set of cold traps serves as the fluorine feed to a second tower 
reactor, which operates with a 35% excess of UF4 (Fig. 4.11). The cleanup 
tower is assumed to be 90% efficient on fluorine removal. The effluent 

from the cleanup reactor passes to a second set of filters and refriger- 

ated cold traps. The bulk of the UFg is removed in the first cold trap, 
which is chilled to -18 to -29OC; the remaining UFg is removed in smaller 

traps chilled to -40 to -50°C. Noncondensable gases [i.e., F2, HF, and 

inert gases contaminated with 0.05 t o  0.10 vol % of UFg (ref. 114)] leave 

the system by means of an air ejector and pass to the fluorination off-gas 

treatment system (Sects. 4.4.8.3 and 4.4.8.4). Overall fluorine utiliza- 

tion for the primary and cleanup tower reactors in Cases 1-3 is estimated 

as 96%. The excess UF4, which falls to the bottom of the cleanup tower, 

is recycled to the primary fluorinator. 
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4.4.8.2 

is not burned 

this falls to 

Ash (scrap recycle). A small fraction (%2%) of the uranium 

to UFg in the primary tower fluorinator. Roughly 1.5% of 

the ash hopper at the bottom of the tower as unburned UF4, 22 

which is later ground and recycled to the tower. The other 0.5% is blown 

to the fluorination filters.22 

the uranium during solvent extraction are lighter than the unburned UF4 

and are also blown to the filters. Because of the impurities, the filter 

fines are recycled to solvent extraction via the miscellaneous digestor 

(Sect. 4.4.5.4). Thus, nonvolatile impurities that cross with the uranium 

during solvent extraction ultimately leave the process in the solvent 

extraction raffinate. 

The traces of impurities that cross with 

The yellow cake feed to the UFg plant contains 234Th and its short- 
lived daughter, 234mPa, in secular equilibrium with the 238U. An estimated 

50% of this activity crosses with the uranium during solvent extraction. 

It is nonvolatile during fluorination, tending to concentrate in the fluori- 
nation filter fines. This assessment assumes that the fluorination ash 

is stored for 6 months to permit decay of the 234Th and 234mPa before the 

ash is ground and recycled. The ash also contains some 230Th and a trace 

of 226Ra, which are long-lived and do not decay appreciably. The fluoride 

in the ash complexes thorium during solvent extraction so that most of the 

recycle 230Th is rejected to the raffinate (Sects. 4.4.5.2 and 4.4.5.4). 

Handling and grinding the ash generate airborne dusts. The source 

terms for ash dust releases (Sect. 4.4.2) are based on (1) collection 
and drumming of the ash, (2) storage of the ash for 6 months to permit 

decay of the 234Th and 234m?a, ( 3 )  drum dumping, (4) ash grinding and 
drumming, and (5) drum dumping when the ash is recycled to the process. 

Since data were not available, the amount of dust generated in these opera- 
tions was estimated by analogy to similar operations in handling yellow 

cake at uranium mills and at the F-F UFg plant (Part I). 192 

4.4.8.3 Fluorination process, SX-F Case 4. This case study incorpo- 

rates three internal process changes which increase fluorine utilization, 

thereby decreasing the load to the waste treatment system. 

DOE flowsheets have been described in the open literature, part of the 

technology is still classified. Case 4 assumes that, at some future time, 

Although the 
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either comparable technology will be developed by private industry or the 

DOE technology will be made available to the general public. No costs are 

assessed for the Case 4 process changes since the savings in fluorine costs 

justified the installations at the DOE plants. 
* 

The primary fluorination tower operates with 10% excess F2 rather than 
. .  

the 40% excess assumed in Cases 1-3.  This is accomplished either by re- 

cycling F2 with a 10% bleed or by operating the tower at a negative pressure 
with a 10% excess feed. 108 

Fluorine cleanup reactor. '17 Tail gases from the primary fluorination 

UF6 cold traps, which contain significant values of fluorine, are passed 

to a UF4 fluidized bed operated at 750°F, where the fluorine is reacted 

with an excess of UF4. 

five times stoichiometric to provide dilution control of bed temperature 

Uranium tetrafluoride is added at a rate up to 

and to avoid coalescence of unstable uranium fluoride intermediates such 

as UqF17, U2F9, and UF5. An advantage of the fluidized-bed reactor is 

that an excess of UF4 is always available, regardless of the inlet fluorine 

concentration - a condition not always true with tower cleanup reactors. 
Exit gases consisting of UFg product, HF (from the HF impurity in the 

fluorine), inert impurities, and traces of F2 are passed through sintered- 

metal filters to a UFg cold trapping system and the waste treatment system. 

Solids withdrawn from the fluorine cleanup reactor are then fluorinated 

in the primary fluorinator to obtain essentially complete conversion to 

UFg. The cleanup reactor recovers >95% of the fluorine; on-stream time is 

90%. 

Uranium hexafluoride cleanup reactor. 117,118 The recovery of UF6 is 

increased (and the load to the waste treatment system reduced) in Case 4 

by adding a UFg cleanup reactor after the F2 cleanup system. 

is a UFb fluidized-bed type which is similar to the F2 cleanup reactor 

except that it is operated at 150 to 2OOOC and 1 4  to 16 psi (1.0 to 
1.1 kg/cm2). 
to form nonvolatile compounds: 

This reactor 

Under these conditions, the UFg gas reacts with the UF4 solids 

* 
ALARA studies do not consider development costs. 
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The UFg content of the gas is reduced from an inlet concentration of 300ppm 

to 1000 ppm to an exit concentration of 20 ppm under plant conditions. 
The UF4 can absorb up to 0.38 kg of UFg per kilogram of UF4. 

drawn from the UFg cleanup reactor are fluorinated in the primary fluori- 
nator to obtain essentially complete conversion t o  UP6. 

117 

Solids with- 

4.4.8.4 Fluorination off-gas treatment, SX-F Case 1. Flow diagrams 

for the base plant off-gas treatment system are shown in Figs. 4.3 and 4.11. 
Fluorine, prepared by the electrolysis of HF, is passed through a relatively 

inefficient (27%) condenser, which returns some HF to the electrolytic 

cells (Sect. 4.4.9). This HF condenser is considered with the fluorination 

off-gas treatment since the HF impurity in the F2 is a significant part 

(one-half) of the waste treatment load. Off-gases from fluorination con- 

sisting of excess F2, HF, inert gas, UFg product, and various impurities 

are cleaned by primary and secondary sintered Monel or nickel filters and 

the UFg cold trap system (see Sect. 4.4.8.2). Noncondensable gases (F2, 

HF, and inert gases bearing traces of UFg) are ejected to a KOH scrubbing 

system that serves the dual functions of recovering uranium and removing 

noxious gases. The venturi scrubber is assumed to be 99% efficient on UFg, L, 

F2,  or HF. 

KOH scrubbing of HF. 

The efficiencies for UFg and F2 were estimated by analogy to 
40 

The technology for the operation of KOH scrubbers in industry is 

proprietary. 
systems which operate between 10 and 2 wt % KOH, and that the principal 

chemical reactions are: 

This survey assumes that the scrubbers are recircula ting 

F2 + 2KOH - 2KF + H202, 

HF + KOH --+ KF + H20, 
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Potassium diuranate is insoluble and precipitates in the scrubbers, while 

the compound QUO8 is soluble. 

pounds, including fluoride-containing complexes, are known and might be 

formed . Such compounds are only slightly soluble and would precipitate 

in the scrubber. Peroxy-uranium compounds are expected only when there is 

an excess of F2. Since UFg is only a minor component of the fluorination 

A number of other peroxy-uranium com- 

off-gas, the exact chemical behavior of uranium in the scrubbers has little 

effect on the overall assessment. 

Fluorination waste streams and material flows are presented in 

Table 4.22. The load to the waste treatment system, Stream 8, is estimated 

as 2.18 sm3/min of "inert" gases (nitrogen used to control the addition of 

UF4 to the tower, seal leakage, and oxygen from the fluorination of oxide 

or oxyfluoride impurities in the UFh), 0.092 sm3/min of F2 [ 9 0 %  F2 utiliza- 

tion (i.e., the highest reported by Ruch et a ~ ~ ) ] ,  0.21 sm3/min of HF 

(8 vol % HF impurity in the F2 feed t o  fluorination - Stream 7F), and 

0.002 sm3/min of UF6 [0.08 vol % of the effluent gas from the cold traps 

(i.e., the average reported by Smiley'14)]. The total fluoride load is 

500 kg/day; the uranium load is 30 kg/day. The gaseous effluent released 

to the atmosphere from the fluorination scrubbing system carries 5 . 0  kg of 
HF and 300 g of uranium per day. Elemental fluorine is very reactive with 
water, forming HF, and is therefore not released. A total of 1~19,000 R 

of the-10% KOH solution is used in the scrubbers per day. The calculations 

are based on the assumption that all the uranium goes to the soluble K4UO8, 

which increases the KOH requirements by %3% as compared with basing the 

calculations on K2U2O7. 

9c 

* 
Because of the impurities in the UF4, the F-F model plant,cannot use a 
tower cleanup reactor for fluorine. Therefore, in Cases 1-3 the F-F 
model has a heavier load of both UFg and fluoride to the waste treat- 
ment system and requires a more extensive scrubbing system than does 
the SX-F model. 



-87- 

The release of radioactive materials other than uranium is low be- 
cause the daughters (except radon) are nonvolatile during fluorination. 

Particulates are removed from the off-gas by the sintered-metal filters. 

The impurities remaining after burning the UF4 are lighter than the un- 

burned UF4 and tend to concentrate in the filter fines. This assessment 

assumes that (1) the amount (i.e., kilograms) of uranium dust passing the 
fluorination filters is equal to the amount passing the reduction filters; 

( 2 )  the concentrations of 234Th, 234mPa, and 230Th in this dust are about 

ten times higher than their concentrations in the UF4 feed to fluorina- 

t i ~ n ; ~ ~  and (3) 50% of the 234Th and 230Th and 0.005% of the 226Ra cross 

with the uranium during solvent extraction. The UFg cold trapping system 

is assigned an efficiency of 95% for 2-LI particulates since it contains 

fins, baffles, and a demister116 and resembles an impingement dust collec- 

tor to some extent. Although the dust passing the sintered-metal filters 

is extremely fine, UFg is expected to condense on the particles, increas- 
ing the particle size and hence the collection efficiency of the cold trap 

system. 
passing the cold traps. Source terms based on these assumptions are pre- 

sented in Table 4.6a. Uncertainty is associated with these source terms. 

The venturi scrubbing- system collects 80% of the particulates 

4.4.8.5 Uranium recovery from scrub liquors. Uranium is recovered 

from the spent KOH scrub liquor by destroying the soluble peroxy complex 

and allowing the uranium to precipitate. The chemistry is unknown. The 

flowsheets (Table 4 . 2 2 )  assume that C02 destroys ,peroxy-uranate by analogy 

to the chemistry of alkali peroxides: 120  

4- 2- 2(U08) + 6C02 + 60H- + 2K+ --f K2U2O7 + 6C03 + 302 + 3H20. 
Ferrous and cuprous ions catalytically decompose peroxides and may also be 

added. The precipitated K2U2O7 is recovered and recycled to the miscella- 

neous digestor (Sect. 4 . 4 . 5 . 4 ) .  The calculations assume that all the 

uranium is present as the soluble peroxy complex and that a 100% excess 

of C02 is necessary for its destruction. 

waste KOH solution (Fig. 4 . 1 2 ,  Stream 8 K )  is estimated as 30 ppm, based 

on a typical soluble l o s s  for an alkaline-leach uranium mill which precipi- 

tates Na2U207 from carbonate solutions. 

that half of the fine particulates (i.e., the radium and thorium) are 

The uranium content of the 

Source term estimates assume 121 
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carried by the uranium precipitate (Fig. 4 . 1 2 ,  Stream 8Ub), while the 
other half remain suspended in the spent KOH solution (Fig. 4 . 1 2 ,  

Stream 8K). 

4 . 4 . 8 . 6  Fluorination off-gas treatment, SX-F Cases 2 and 3 .  The 

HF and uranium releases are reduced to 0 . 0 5  kg/day and 3 glday, respec- 

tively, by adding a KOH packed tower to the Case 1 system (Fig. 4 . 1 1 ) .  

This unit is 99% efficient for the removal of F2, HF, and UF6, and 50% 

efficient for fine particulates (i.e., thorium and radium). Liquid and 

gaseous flow rates are the same as those in Case 1 (Table 4 . 2 2 ) .  Source 

terms for radioactive materials are given in Tables 4 . 6 b  and 4 . 6 ~ .  

4 .4 .8 .7  Fluorination off-gas treatment, SX-F Case 4 .  The flowsheet 

is shown in Fig. 4 . 1 2 .  This case study incorporates a number of process 

changes which reduce the load to the waste treatment system. The primary 

fluorination tower operates with 10% excess fluorine rather than the 40% 

excess that is assumed in Cases 1-3. 

the fluorine feed (Stream 7F) are replaced with 65% efficient condensers, 

The 27% efficient HF condensers on 

and the 90% efficient F2 cleanup tower is replaced with a 95% efficient 

F2 cleanup fluid-bed reactor (Sect. 4 . 4 . 8 . 3 ) .  In addition, a 97.5% effi- 

cient UFg cleanup reactor is added (Sect. 4 . 4 . 8 . 3 ) .  These process changes 
reduce the fluoride and uranium loads to the wet scrubbing system by 

factors of 3 and 6 0  respectively. The KOH scrubbing system is the same 

as in Cases 2 and 3 .  A 99.95% efficient, HF-resistant HEPA filter is 

added as a final cleanup for fine particulates. None of the Case 4 tech- 

nology is available for immediate use by the industry. Case 4 assumes 

that either similar technology will be developed by private industry or 

that the DOE technology will be made available to commercial firms. 

Case 4 fluorination waste streams and material flows are presented 

in Table 4 . 2 2 .  

mated as 1 . 6 4  sm3/min of "inert" gases, 0.012 sm3/min of F2,and 0.099 sm3/ 

The load to the wet scrubbing system;Stream 8 ,  is esti- 

min of HF. 

is 0.5 kglday. 

of HF and 5 x g of uranium on a daily basis. Source terms for radio- 

active materials are estimated in Table 4 . 6 d .  

KOH per day is used in the scrubbers. 

The total fluoride load is 1 4 9  kglday, while the uranium load 

The gaseous effluent from the system carries only  0 . 0 3  kg 

About 5 . 5 0 0  R of 10 wt.% 
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4 .4.8.8 Ash degassing and UF6 sampling. A small quantity of UF6 
gas is lost when cylinders are sampled, and when tower ash and filter 

fines are removed from the system due to degassing of entrained UF6. 

This gas is vented through the plant vacuum cleaner system. 

are ineffective on gaseous effluents, a$though they will remove hydrolysis 

products if any moisture is present. 

and no treatment is provided in Cases 1 and 2. However, a KOH high-energy 

venturi scrubber (99% efficient) is added in Case 3 ,  and the venturi 

scrubber plus an HF-resistant HEPA are used in Case 4 .  The uranium release 

was estimated by analogy to the F-F plant and may be high since F-F ash 

contains the CaF2 bed material in addition to unburned UF4 (Part I, 
Sect. 4 . 4 . 8 . 1 ) ,  while the SX-F ash consists primarily of UF4. 

releases are considered-in Sect. 4 . 4 . 8 . 2 .  

Bag filters 

This is a small source (67 g/day) , 

I 

Particulate 

4 . 4 . 9  Fluorine production 

4 . 4 . 9 . 1  Fluorine production process. 52y122 The production of UFg 

requires large quantities of fluorine gas, which is produced on-site by 

electrolysis of HF in an anhydrous fused electrolyte, KF*2HF [mp, 71.5"C 

(160.7'F)I. 

fluorine and hydrogen are exolved and are collected in the anode and 

cathode compartments, respectively, above the electrolyte surface. These 

When a direct current is passed through the electrolyte, both 

gases are removed through separate piping sys;tems, and the hydrogen fluoride 

that is consumed is replaced continuously. The fluorine and hydrogen 

streams are piped to electrolyte entrainment separators. The gases are 

then admitted to surge tanks which dampen pressure fluctuations. At this 
point in the system, the fluorine gas contains 11 vol % HF and the hydrogen 

gas contains 9 vol % HF.52 

for recycle to the electrolytic cells. From the heat exchangers, the 

fluorine is piped to the primary fluorination unit; the hydrogen is waste. 

The cells operate under corrosive conditions and must be rebuilt periodi- 

cally. 

and reused.52 

radioactive cell sludges per year. This waste is treated along with other 

fluoride wastes. 

Some of the HF is recovered by condensation 

Approximately 80% of the electrolyte from failed cells is decanted 

The model plant generates an estimated 12,000 kg qf non- 
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Cases 1-3 have relatively inefficient (27%) HF condensers; Case 4 
has 65% efficient, -84°C condensers on the fluorine cells. A lower limit 

on the amount of HF impurity in the gases is fixed by the polymerization 
of HF.52 The condenser system used in Case 4 is not presently available 
to private industry. Case 4 assumes that either industry will develop 
comparable technology or that the DOE technology will be made available. 

The HF recovery streams are shown in Fig. 4.4 and detailed in Table 4.23. 
The flows to the condensers (Streams 7D and 7E) are %3% lower in Case 4 
because of more efficient fluorine ultilization in fluorination 

(Sect. 4.4.8.2). 

The off-gas treatment system for the fluorine cell hydrogen (Fig. 4.4, 

Stream 7C) is described in the following subsection. This off-gas is not 

radwaste since it has never been in contact with radioactive materials; 

however, it contains a noxious chemical, HF, whose release would be un- 

acceptable. The off-gas treatment for the fluorine cell fluorine (Fig. 4.4, 

Stream 7F) is discussed in Sect. 4.4.8. 

4.4.9.2 Fluorine cell hydrogen off-gas treatment. In SX-F Case 1, 

the hydrogen waste from the HF condenser (Stream 7C, Figs. 4.4 and 4.13) 
is burned in 50% excess air to destroy the hydrogen and the resulting 

mixture is water-scrubbed in a high-energy venturi scrubber (95% efficient 

for HF). 
and 200 kg/day of HF. 

No radioactive materials are released. Material flows are shown in 

Table 4.23. 

The composition of the feed to the burner is 2.6 sm3/min of H2 
The effluent released contains 10 kg of HF per day. 

SX-F Cases 2 and 3. The gaseous HF release is reduced to 0.20 kg/day 

by replacing the high-efficiency water scrubber in Case 1 with a train 

consisting of a medium-energy water scrubber-condenser (90% efficient for 
HF removal) and a KOH packed tower (99% efficient for HF removal). It is 

important to avoid water condensation in the KOH scrubber since liquid 
waste treatment in Cases 2-4 is based on regeneration and recycle of all 

caustic scrub solutions (Sect. 4.4.12). 

SX-F Case 4. The load to the off-gas treatment system is reduced by 

a factor of 2 by substituting more-efficient, -84°C condensers (67% effi- 

cient vs 27%, Fig. 4.13) and improving the fluorine utilization (99.5% vs 
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96%, Sect. 4 . 4 . 8 . 3 ) .  This technology is not available to industry at the 

present time. About 0.09 kg of HF is released to the atmosphere on a 

daily basis. Material flows are presented in Table 4 . 2 3 .  

4 . 4 . 1 0  UF6 cylinder wash 

The enrichment plant may recycle empty cylinders to the UFg conversion 

plant for reuse. The returned cylinders are washed with Na2C03 solution 

to recover traces of uranium and remove other impurities. The uranium is 

precipitated with NaOH and purified by solvent extraction; the spent 

solution is added to the solvent extraction wastes. This operation does 

not have any significant effect on either plant effluents or waste treat- 

ment methods except in Case 4 ,  where sodium ions must be restricted 

(Sect. 4 . 4 . 1 1 . 7 ) .  

4 .4 .11  Treatment of the raffinate and other aqueous wastes 
from solvent extraction. 

The refining of uranium ore concentrate (yellow cake) by the solvent 

extraction process generates a large volume of liquid nitrate waste con- 

taining soluble radioactive materials, including long-lived 226Ra and 

230Th. The case studies address the removal of nitrate and ammonium, as 

well as radioactive materials, since these chemicals are also of concern 

in the environment. 123 The general outline of the case studies is as 

follows : 

Con t r o 1 
applied 

Radium 

Radwas t e- 
c hemwas t e 

Nitrate, 
ammonium 

Water 

Waste treatment method 

Case 2 - Case 1 

BaCO 3 
precipitation None 

Ca (OH) 2 NH3 
precipitation precipitation 

Released Impounded 

Re leased Evaporation 
and impound- 
ment 

Case 3 

BaCO 3 
precipitation 

Ca (OH) 2 
precipitation 

Biologically 
destroyed 

Released 

Case 4 

BaC03 . 

precipitation 

Two-stage Mg(OH)2/ 
Ca(OH)2 precipita- 
tion 

Recovered 

Recovered 
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Case 1 may n o t  b e  a c c e p t a b l e  a t  a l l  s i tes  because  of t h e  l a r g e  q u a n t i t i e s  

of chemicals  t h a t  are r e l e a s e d .  Case 2 is  n o t  d i r e c t l y  comparable t o  t h e  

o t h e r  case s t u d i e s  because  i t  does n o t  a d d r e s s  f i n a l  d i s p o s a l  of t h e  

n i t r a t e  wastes. The.Case 3 . and  4 sys tems have n o t  been demonstrated on 

uranium r e f i n e r y  wastes; r e s e a r c h  and development would b e  r e q u i r e d  b e f o r e  

they  are ready  f o r  i n d u s t r i a l  a p p l i c a t i o n .  

4.4 .11 .1  Quan t i ty  and composi t ion of s o l v e n t  e x t r a c t i o n  was te s .  The 

f lows  t o  t h e  model waste t r ea tmen t  f a c i l i t y  which serve as t h e  b a s e  f o r  

t h e  assessment  are p resen ted  i n  Table  4 . 2 4 .  On a d a i l y  b a s i s ,  t h e  l i q u i d  

f lows  are as fo l lows :  7 6 , 0 0 0  R (20,000 g a l )  of s o l v e n t  e x t r a c t i o n  r a f f i -  

n a t e ,  45,000 R ( 1 2 , 0 0 0  g a l )  of s o l v e n t  t r ea tmen t  waste, and 43,000 R 

(11,000 g a l )  of s u r p l u s  weak a c i d .  

t i v e l y  d i l u t e  s o l u t i o n  of HNO3,  N H k N 0 3 ,  and N a N 0 3 .  

t o  r ecove r  t h e  n i t r a t e  from t h e  waste. There is  a l a r g e  volume of t h i s  

The r a f f i n a t e  i s  p r i n c i p a l l y  a rela- 

It i s  n o t  economical  

waste, and t h e  chemical  l oad  t o  t h e  t r ea tmen t  f a c i l i t y  i s  heavy -- con- 

t a i n i n g ,  on t h e  average ,  a n  e s t i m a t e d  1 3  MT of n i t r a t e ,  1 MT of ammonium, 

and 0.9 MT of sodium i o n s  p e r  day. The r a f f i n a t e  a l s o  c o n t a i n s  a l l  t h e  

i m p u r i t i e s  i n  t h e  ye l low cake  f e e d ,  i n c l u d i n g  1 MT/day of s u l f a t e  

(Table  4 . 2 )  as w e l l  as chemica ls  such  as aluminum and f l u o r i d e  compounds 

which are added as p a r t  of t h e  r e f i n i n g  p r o c e s s  o r  s c r a p  r e c y c l e  a t  t h e  

UFg p l a n t  (Sec t .  4 . 4 . 5 . 4 ) .  Chemicals o t h e r  t han  t h o s e  l i s t e d  may a l s o  be  

p r e s e n t  i n  t h e  r a f f i n a t e  s i n c e  UFg p l a n t s  o n l y  a n a l y z e  f o r  s u b s t a n c e s  

which create d i f f i c u l t i e s  i n  t h e  p rocess .  The s o l v e n t  t r ea tmen t  waste 

c o n t a i n s  NaN03 and (NHL+)~SOL, (Sec t .  4 . 4 . 5 . 6 ) ;  t h e  s u r p l u s  weak a c i d  stream 

is a d i l u t e  HNO3 s o l u t i o n  (Sec t .  4 . 4 . 5 . 8 ) .  There is  c o n s i d e r a b l e  v a r i a t i o n  

i n  t h e  wastes on a day-to-day b a s i s  because  of v a r i a t i o n s  i n  t h e  chemical  

composi t ion of t h e  ye l low cake f eed  t o  t h e  UFg p l a n t .  

The advanced case s t u d i e s  i n c l u d e  i n t e r n a l  p r o c e s s  changes a t  t h e  UFg 

p l a n t  and a t  t h e  uranium m i l l  t o  change t h e  composi t ion of t h e  waste so 

t h a t  i t  is more e a s i l y  t r e a t e d .  On a d a i l y  b a s i s ,  t h e  ammonium load  i s  

reduced from 1100 'kg i n  Case 1 t o  350 kg i n  Case 3 ,  and t h e  sodium load  

from 900 kg i n  Case 1 t o  70 kg i n  Case 4 (Table  4 . 2 5 ) .  These changes are 

d i s c u s s e d  i n  Sects .  4.4 .11 .6  and 4 . 4 . 1 1 . 7 .  
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The r a f f i n a t e  c o n t a i n s  s m a l l  q u a n t i t i e s  of n a t u r a l  uranium and i t s  

r a d i o a c t i v e  daugh te r s  (Table  4 .26) .  The uranium con ten t  i s  assumed t o  

be  7 .6  kg/day (0.10 g/E).21 

e n t e r  t h e  p l a n t  as i m p u r i t i e s  i n  t h e  ye l low cake f e e d ,  are u l t i m a t e l y  

r e j e c t e d  t o  t h e  s o l v e n t  e x t r a c t i o n  r a f f i n a t e  ( S e c t s .  4.2.2 and 4 .4 .5 .4) .  

These r a d i o n u c l i d e s  are p r e s e n t  a t  low l e v e l s  and comprise  on ly  a small 

p a r t  of t h e  t o t a l  a c t i v i t y .  However, t hey  are  of concern  because they  

have long  h a l f - l i v e s  and ,  once i n g e s t e d ,  are e x c r e t e d  from t h e  body ve ry  

s lowly  (Sec t .  7 ) .  This  i s  i n  c o n t r a s t  t o  uranium, which i s  exc re t ed  from 

t h e  body f a i r l y  r e a d i l y .  Radium-226 is  of p a r t i c u l a r  concern i n  l i q u i d  

e f f l u e n t s ;  i n  Case 1 i t  c o n t r i b u t e s  50% of t h e  dose from d r i n k i n g  t h e  

water of t h e  r e c e i v i n g  stream and 80% of t h e  dose  from e a t i n g  t h e  f i s h  

who l i v e  i n  t h e  stream (Sec t .  7 ,  Table  7 .14) .  

All of t h e  long- l ived  230Th and 2 2 6 R a ,  which 

Most of t h e  t o t a l  a c t i v i t y  i n  t h e  waste, as gene ra t ed ,  i s  due t o  t h e  

These r a d i o n u c l i d e s ,  which have r e l a t i v e l y  s h o r t  h a l f -  234Th and 234mPa. 

l i ves  (24 days and 1 min r e s p e c t i v e l y ) ,  are i n  s e c u l a r  e q u i l i b r i u m  w i t h  

t h e  uranium i n  t h e  p l a n t  feed  and are s e p a r a t e d  from i t  d u r i n g  p rocess ing .  

They are minor c o n t r i b u t o r s  t o  t h e  o f f - s i t e  dose  s i n c e  t h e i r  s h o r t  h a l f -  

l ives  p rec lude  accumulat ion i n  t h e  bioenvironment  (Sec t .  7 ) .  The model 

assumes t h a t  50% of t h e  234Th (and a s s o c i a t e d  234mPa) i s  r e j e c t e d  t o  t h e  

r a f f i n a t e ,  wh i l e  t h e  o t h e r  50% i s  e x t r a c t e d  w i t h  t h e  uranium and pe rmi t t ed  

t o  decay b e f o r e  t h e  f l u o r i n a t i o n  a sh  is recyc led  (Sec t s .  4 .4 .5 .2  and 

4 .4 .8 .2) .  I n  t h e  even t  t h a t  a thorium complexing agen t  were added t o  t h e  

pr imary d i s s o l v e r ,  most of t h e  234Th would be  r e j e c t e d  t o  t h e  r a f f i n a t e .  

While t h e  sou rce  t e r m s  f o r  t h e  l i q u i d  w a s t e  would b e  l a r g e r ,  t h e  assess- 

ment would n o t  be  s i g n i f i c a n t l y  a f f e c t e d  except  t h a t  a longe r  d e t e n t i o n  

t i m e  would be r e q u i r e d  t o  permi t  decay of 234Th b e f o r e  release of t r e a t e d  

e f f l u e n t s  i n  Cases 1 and 3 .  

The Unat c o n t e n t  of t h e  s o l v e n t  t r ea tmen t  w a s t e  5 s  es t ima ted  as 

0 . 9  kg/day (0.02 g/E) .  

be  p r e s e n t ,  b u t  t h i s  i s  a minor sou rce  compared w i t h  t h e  r a f f i n a t e .  The 

s u r p l u s  weak a c i d  i s  p r i n c i p a l l y  condensa te  c o n t a i n i n g  l i t t l e  o r  no 

a c t i v i t y ;  however, i t  may i n c l u d e  wastewater c o l l e c t e d  i n  t h e  r e f i n e r y  sump. 

This  s o u r c e  i s  expec ted  t o  be  small  r e l a t i v e  t o  t h e  r a f f i n a t e .  Treatment 

i s  provided i n  t h e  case s t u d i e s .  

S m a l l  q u a n t i t i e s  of uranium daugh te r s  may a l s o  
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4.4.11.2 

and 4. I n  Cases 1, 3 ,  and 4 ,  B a C 0 3  is  added t o  t h e  d i s s o l v e r  feed  ( i . e . ,  

b e f o r e  s o l v e n t  e x t r a c t i o n )  t o  remove radium by c o p r e c i p i t a t i n g  (Ba,Ra)S04: 

(Ba,Ra)*+ + Sob2- _f (Ba,Ra)S04. 

This  a d d i t i o n ,  which allows t h e  bar ium i o n s  t o  be  p r e s e n t  as t h e  ye l low 

cake d i s s o l v e s  and t h e  radium and s u l f a t e  i m p u r i t i e s  become a v a i l a b l e  is  

more e f f e c t i v e  t h a n  t r e a t i n g  t h e  waste. 21 

s e p a r a t e d  from t h e  l i q u i d  waste i n  c o n j u n c t i o n  w i t h  t h e  n e u t r a l i z a t i o n  

s t e p  (Sec t .  4 .4 .11.3) .  This  is  shown i n  F ig .  4.14 f o r  Case 1; Cases 3 

and 4 are similar.  

The (Ba,Ra)SOq s o l i d s  are 

The case s t u d i e s  i n c l u d e  two levels  of radium removal by BaC03 treat- 

ment - 99% removal when p r o c e s s i n g  ye l low cake  c o n t a i n i n g  !'low'' l e v e l s  of 

radium (200 pCi/g of U ) ,  and 99.8% removal f o r  t h e  f eed  c o n t a i n i n g  

"high" l e v e l s  of radium (1600 pCi/g of U ) .  The "low-impurity" f eed  

is  thought  t o  r e p r e s e n t  t h e  annual  ave rage  f eed  t o  UFg  p l a n t s .  S i n c e  

d a t a  on t h e  BaC03  t r ea tmen t  are l i m i t e d ,  t h e  sys tems are des igned  on t h e  

b a s i s  of t h e o r e t i c a l  p r i n c i p l e s .  This  approach is  r e a l i s t i c  f o r  99% 

radium removal and c o n s e r v a t i v e  ( i . e . ,  s l i g h t l y  h igh )  on chemical  r e q u i r e -  

ments compared w i t h  t h e  o p e r a t i n g  e x p e r i e n c e  a t  t h e  Ferna ld  r e f i n e r y .  

The 99.8% radium removal h a s  n o t  been demonstrated.  

t i o n s  were used i n  d e s i g n i n g  t h e  sys tems:  

n a t  

n a t  

* 

2 1  

The fo l lowing  assump- 

1. The R a / B a  r a t i o  i n  t h e  s o l u t i o n  is  t h e  s a m e  as t h a t  i n  t h e  
124,125 p r e c i p i t a t e .  

2 .  The s o l v e n t  e x t r a c t i o n  r a f f i n a t e  (be fo re  d i l u t i o n  w i t h  

s o l v e n t  t r ea tmen t  wastes and s u r p l u s  weak a c i d s )  c o n t a i n s  

about  1 . 2 5  - M HNO3 (Sec t s .  4 .4 .5 .5  and 4.4.11.1) .  

3. The s o l u b i l i t y  of Bas04 i n  1 .25  - M HNO3 i s  0.025 g/R a t  room 

tempera ture .  126 (The s o l u b i l i t y  of BaS04 i n  n i t r i c  a c i d  

i n c r e a s e s  w i t h  i n c r e a s i n g  a c i d  c o n c e n t r a t i o n . )  

* 
A t  p r e s e n t ,  t h e  domest ic  i n d u s t r y  does n o t  r o u t i n e l y  u s e  BaC03 t r e a t m e n t ;  
i n s t e a d ,  t h e  p r a c t i c e  is  t o  impound bo th  l i q u i d  and s o l i d  wastes i n  
lagoons ( i . e . ,  s imilar  t o  Case 2) .97 
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4 .  

5. 

6. 

Yellow cake feed from acid-leach mills contains sufficient 

sulfate impurity naturally to precipitate the barium. 

Yellow cake feed from alkaline- (carbonate-)leach mills 

contains little, if any, sulfate impurity and is relatively 

high in radium [ 9 0 0  pCi/g U nat 
300 pCi/g for yellow cakes from acid-leach mills using the 

amine solvent extraction and ion exchange processes respec- 

tively (Part I, Table A-l)]. Therefore, the case studies 

assume that Al2(SO4)3 is added when the model plant proc- 

esses alkaline-leached yellow cake (15% of the feed; 
Sect. 4 . 2 . 1 )  to ensure that sufficient sulfate is present. 

compared with 6 pCi/g and 

An excess of sulfate does not have a repressive effect on 

the solubility of (Ba,Ra)S04 up to 0 . 3  - N SOk2- (i.e., the 

conditions at the refinery). 1 2 4  

On an average daily basis, the chemical requirements for 99% radium 

removal are 160 kg of BaC03 and 17 kg of A12(S04)3; the corresponding 

requirements for 99.8% radium removal are 800 and 87 kg. The A12(S04)3 

is added only when low-sulfate feed (i.e., alkaline-leached yellow cake, 

15% of the feed) is being processed. On some days none is added, while 

on other days 60 to 120 kg might be added for 99% radium removal ( 3 0 0  to 

600 kg for 99.8% removal), depending on how feeds are blended. 

system generates 1 9 0  kg of Bas04 radwaste per day for 99% radium removal 

( 9 4 0  kg/day for 99.8% radium removal). 

tion with the neutralization solids (Sect. 4.4.11.3). The quantity of 

aluminum ions added to supply sulfate is small relative to the aluminum 

salts already present in the waste (1% for 99% radium removal). 

* 

The 

This radium is removed in conjunc- 

4 . 4 . 1 1 . 3  Neutralization to precipitate radwaste-chemwaste, Cases 1-4 .  

In all case studies, the solvent extraction wastes are neutralized to 

precipitate most of the radioactive materials and toxic heavy metals, 

together with some chemicals. Lime slurry [Ca(OH)*] is used in Cases 1 

and 3 ,  ammonia gas in Case 2, and magnesia slurry [Mg(OH)2] in Case 4 .  

9; 
UFg plants routinely analyze the feed for sulfate. 
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Aluminum and iron are precipitated as gelatinous hydroxides in each case. 

When lime is used, gypsum (CaS0~,*2H20) and other calcium salts such as 

CaMoO4 and Ca(V03)~ are also precipitated. 
magnesium compounds are soluble. The Bas04 from radium removal (Sect. 

4 . 4 . 1 1 . 2 )  and impurities in the yellow cake such as silica, which do not 

dissolve in nitric acid, are removed at the same time. These sludges 

constitute the principal radwaste generated by the model plant. The liquid 

waste remaining still contains a large quantity of nitrate and other soluble 

salts; it is either released (Case 1) or treated in the nitrate treatment 

systems. The following paragraphs discuss the radwaste sludges in general 

terms. Specific application to the case studies and the nitrate treatment 

system is given in Sects. 4 . 4 . 1 1 . 4 - 4 . 4 . 1 1 . 7 .  

The corresponding ammonium and 

Quantity and chemical composition of the solid radwaste. In the ab- 

sence of data, the quantity and chemical composition of the solid wastes 
are estimated in Table 4.27, based on the most likely chemical form and 

solubility. The choice of neutralizing agent makes a significant differ- 

ence. On a daily basis, lime neutralization combined with BaC03 treatment 

at 99% radium removal generates an estimated 4.0  MT of solid radwaste 

(Case -- l), compared with only 1 . 4  MT with ammonia neutralization (Case 2) 
or 2.3 MT with magnesia neutralization plus BaC03 treatment (Case -- 4 ) .  

The major differences are (1) the large amount of sulfate precipitated 
by lime as CaS04-21120 (1.4 MT), while the corresponding ammonium and 

magnesium salts are soluble; and (2) the estimated 0.5 MT of excess Ca(OH), 
or Mg(OH)2 that contaminates the solids because the alkaline-earth hydrox- 

ides have a low solubility in water, while ammonia is water soluble. 

-- Case 3 uses lime precipitation but differs from Case 1 in that the solids 

are centrifuged, washed, and dried at 28OOC instead of being collected in 

a settling basin. 

Ammonia neutralization offers an advantage in that it generates the 

minimum quantity of solid radwaste requiring final disposal; however, 

disposal of the resulting ammonium nitrate liquid waste is at present un- 

clear.” 

Case 4 nitrate treatment systems. 

Ammonia neutralization is not compatible with the Case 3 o r  
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If lime precipitation is used in conjunction with BaC03 treatment to 
remove 99.8% of the radium (the "high-impurity" feed option), the quantity 

of CaS04-2H20 in the solid waste is less (1.0 MT/day) because more sulfate 

has been precipitated as Ba'S04. 

is generated in Case 1 with 99.8% radium removal, compared with 4.0 MT 

for 99% radium removal. 

A total of 4.3 MT/day of radwaste solids 

There is uncertainty in these estimates of the radwaste sludges. 

particular, the 400 kg of silica per day is based on 1959 data127 and 

In 

thus may be high. 

since UFg plants do not make a complete analysis of th'e feed. 

Other unidentified compounds may also be precipitated 

Chemical requirements depend on (1) the amount of free nitric acid 

in the waste (which varies somewhat according to how difficult the yellow 

cake is to dissolve); (2) the amounts of aluminum, iron, and other hydrous 

oxides or hydroxides that are precipitated; and (3) the amount of ammonium 

salts. Ammonia is a weak base. In raising the pH to the range where the 

radwaste precipitates, some of the ammonium ions are converted to molecular 

ammonia as follows: 

MI++ + OH- NH40H k3 + H20. 
. I  + 

The ammonium salts thus consume base. With lime neutralization, there is 

a sufficient supply of calcium ions based on the hydroxide requirements 
to precipitate the insoluble calcium compounds. In the case studies, the 

ammonium concentration varies but the other parameters are held constant. 

Chemical requirements to neutralize the model wastes (Tables 4 .24  and 

4.25) to a pH of 9 (pH of 8.4 for ammonia neutralization) and a 10% excess 
of Ca(OH), or Mg(OH)2 (0% excess for ammonia) are as follows: 

Compound Quantity 
Case 1 used (MT/ day 1 

4.9 

2.8 
4 . 6  

3.8 
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The model waste is thought to be conservative (i.e., a little high) with 

regard to free acid and ammonium salt concentrations; therefore, chemical 

usage under plant conditions might be somewhat lower than these estimates. 

Case 3 requires slightly less lime than Case 1 because of the lower 

ammonium concentration (Table 4.25). In Cases 3 and 4, part of the CaO 
or MgO used in neutralization is recycled material that has been recovered 

from the nitrate solution. This reduces the amount of chemicals that must 

be purchased. 

Radioactive materials. Estimates of the radioactive materials in the 

radwaste solids generated by treating solvent extraction wastes are pre- 

sented in Table 4.11. These estimates are based on the model wastes 

described in Table 4 . 2 6 ,  assuming that: 

1. the uranium content of the liquid waste after neutralization 
60 is 0.003 g/E ( 3  ppm), 

neutralization precipitates 90% of the radium2' and 99.9% of 

the thorium (arbitrary choice; conservative when compared 

with the efficiency of removing thorium from uranium mill 

wastes ).  

2. 

2 

On a chemical basis, the estimated uranium content of the solid radwaste 

ranges from 0.18% in Case 1 for lime-precipitated waste to 0.5% in Case 2 
for ammonia-precipitated waste. This is comparable t o  a uranium ore. 

The average 230Th and 226Ra concentrations in Case 1 radwaste for the "low- 
impurity" feed option (lime precipitation, 99% radium removal by BaC03 

treatment) are 2.4 x and 1.7 x pCi/g respectively. By compari- 

son, the average 230Th and 226Ra concentrations in mill tailings from a 
typical 0.2% uranium ore are 5.7 x 

the sludges from treating the solvent extraction raffinate are potentially 

a little more hazardous than uranium mill tailings; 'however, there is a 

much smaller quantity of UFg plant wastes. 

precipitation there is less waste to dilute the activity, and the concen- 

trations (pCi/g) of radioactive materials in the precipitated solids are 

about double those for Case 1. Estimates are also presented for the UFg 

plant feed containing "high levels" of 230Th and 226Ra. 

pCi/g each. On a per-gram basis, 

With ammonia or magnesia 

The 230Th and 
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226Ra concentrations in lime-neutralized sludges for this option, 1.1 x 

10-1 and 1.2 x 
UFg plant waste. 

pCi/g, respectively, will probably not be typical of 

The estimates in Table 4.11 assess the long-term activity in the 
wastes after the 234Th and 234mPa have decayed to secular equilibrium 

with the 238U (i.e. , a period of approximately 6 months). 

4.4.11.4 SX Case 1 - precipitate the radwaste; release the liquid nitrate 
waste* -. 

SX Case 1 system for treating solvent extraction wastes. The SX 
Case 1 system is shown schematically in Fig. 4.14; the flows are summa- 
rized in Table 4.28. Barium carbonate for 99% radium removal (99.8% with 
the "high-impurity" feed option) is added to the dissolver feed before 

extraction (Sect. 4.4.11.2). The raffinate waste (Stream 2R), which 

contains most of the radioactive materials, is treated before dilution 

with other wastes to maximize the removal of radioactive materials and 

toxic heavy metals. Aluminum sulfate is added t o  the waste when process- 

ing alkaline-leached yellow cake (15% of the feed), which is high in 
radium and low in sulfate. 

processing acid-leached feed which contains sulfate as an impurity. After 

coprecipitating (Ba,Ra)SOq, the raffinate is neutralized with lime slurry, 

precipitating 4.0 MT of sludge per day consisting of CaSO4*2H2O, Al(OH)3, 
and a number of other compounds as well as most of the radioactive mate- 

rials (Sect. 4.4.11.3). The radwaste slurry is held in the mixing tank 

for at least 2 hr to allow the gypsum (CaS01+*2H20) to precipitate and to 

minimize buildup of scale in the pipeline. 128y129 The neutralized raffinate 
slurry is pumped to the radwaste settling basin, where the solid radwaste 

settles and i-s impounded. 

It is not necessary to add A12(S04)3 when 

The clear supernate, which is a dilute solution 

of Ca(N03)2, NH4NO3, and NaN03 is mixed with other plant wastes and 

released. The Case 1 radwaste impoundment is a large pit with a working 
volume of 5.0 x l o 7  R (13 million gal), which covers an area of 1.46 x 

l o 4  m2 ( 3 . 6  acres). The estimated life is 30 years. When filled to 

* 
SX Case 1 was developed for comparative purposes to examine a range of 
options. 
which is to impound the nitrate.97 

It does not represent current practice by the domestic. industry, 
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capacity, the sludge covers an area of 1 . 3 3  x l o 4  m2 (3.28 acres), as 
some liguid volume must be allowed for settling. 

in accordance with Regulatory Guide 3 . 1 3 ,  with a watertight synthetic liner 

to minimize seepage of liquids and water leaching of stored solids. 

The radwaste impoundment has a liquid detention time of 60 days to ensure 

good solids settling and to alloQ%80% of the 234Th and 234mPa to decay. 

The surplus weak acid stream (Fig; 4.14, Stream 2s) is neutralized sepa- 

rately from the raffinate. 

The pit is constructed 

54 

The estimated chemical compositions of the solvent extraction wastes 

(Fig. 4.14, Streams ,2R, 2S, and 2'h) are given in Table 4.24; the composi- 

tion of the radwaste sludge gerit&at&l by lime neutralization (Stream 4) 
in Table 4.27, and the composit56ns of the liquid wastes after lime treat- 

ment (Streams 5 and 7) in Table 4.29. 

.. . a .  

? .  

The treated raffinate (i.e., Stream 5, the clear supernate from the 
radwaste settling basin), the neutralized surplus weak acid (Stream 7), 
and the solvent treatment (Strgadi 2T) wastes are combined with fluoride 

scrubber liquors (Streams 4L, 7L, and 8 K ;  Fig. 4.14 and Table 4.29). Some 

of the fluoride wastes are acidic and neutralize part of the base in the 

solvent extraction wastes, while the calcium ions in the treated raffinate 

precipitate most of the fluoride. The combined waste slurry is pumped to 

the fluoride settling basin, where the CaF2 is impounded. 

basin is also lined with a watertight synthetic liner. The clear supernate 
The fluoride 

from the fluoride basin (Stream 9) is - released to a surface stream. 

SX Case 1, radioactive materials in the wastes. The radioactive mate- 

rials in the radwaste sludges are estimated in Table 4.11 (discussion in 
Sect. 4.4.11.3); Table 4.29 gives the data for the other streams. The 

uranium content of the effluent from the fluoride settling basin is assumed 

to be 3 ppm, based on operating experience with a wet chemical pit at the 

DOE Fernald refinery. 6o 

of radioactive materials from the lime-treated raffinate (Stream 5) due 

to the CaF, precipitation, however, there is decay of 234Th and 234mPa while 

the wastewater is detained. A small amount of uranium is removed from the 

solvent treatment waste (Stream 2T) by CaF2 precipitation. The liquid 

detention times in the radwaste basin and the fluoride basin are 60 and 

It is assumed that there is no additional removal 
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14 days respectively. 
before the treated waste is released. Discussion of the radioactive mate- 

rials in the fluoride stream is presented in Sect. 4.4.12. 

This permits %90% of the 234Th and 234mPa to decay 

SX Case 1, liquid nitrate effluent. The Case 1 effluent meets the 
standards given in 10 CFR 20, Appendix B, Table I1 for release of radio- 
active materials (Summary Table 4.9), but may not be acceptable chemically 

at all sites. It carries an estimated 14 MT of nitrate and 1 MT of ammonium 

salts per day, as well as calcium, sodium, and potassium ions. In order to 

meet the 40 CFR 141 drinking water standard, which stipulates a maximum 
NO3 -N concentration of 10 mg/R,130 the receiving stream should have a + ** 
flow of at least 150 cfs (4 m3/sec). 
2.4 mg/R after dilution by the 150-cfs stream. 

- * 

The NH4 -N concentration is 

Depending on the pH of the 

receiving stream, this may be marginally toxic to fish.123 If the receiving 

stream empties into a lake or reservoir where the aeration rate is low, the 

low level of nitrate in the 150-cfs stream may act as a nutrient and cause 

excessive biomass growth. For comparative purposes, doses are presented 

in Sect. 7 for a Case 1 release to a 15-cfs stream; however, the release 
would not be acceptable chemically at most sites. Releasing treated 

ammonium nitrate wastes to a 150-cfs stream is marginal chemically; its 

acceptability would depend on the characteristics of the receiving stream 

at a specific site. [SX Case 1 is developed for comparative purposes to 

examine a range of options. It does not represent the current practice in - 

97 the domestic industry, which is to impound the nitrate. ] 

SX Case 1, potential releases from the active radwaste impoundment. 

In Case 1, the radwaste impoundment is a potential source of radioactive 

materials in addition to the designed release of treated liquid waste. 

The solids contain uranium at levels comparable to that of a uranium ore, 

and 230Th and 226Ra at levels which are a little higher than the concentra- 

tions in typical mill tailings. Radon-222, a gas generated by the decay 

of 226Ra, may diffuse out of the wastes (Sect. 4.4.15). 

. .  

The solids are 

* -  
NO3 -N concentration is the concentration of nitrogen present in the 
form of nitrate ions (i.e., nitrate nitrogen). 

NH4 -N concentration is the concentration of nitrogen present in the 
form of ammonium ions (i?e., ammonium nitrogen). 

* J. 
" + 
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potentially leachable since one-third of the waste is CaS04*2H20, which 

has a small, but appreciable, solubility in water [2.1 g/R as CaSO, in 

the temperature range 25 to 4OoC (ref. 131)]. Small quantities of soluble 

radioactive materials are also contained in the liquid wastes that are 

held in the basin while the solids settle. 

The Case 1 impoundment is constructed and maintained in accordance 
54 with Regulatory Guide 3.13. This guide makes recommendations concerning 

(1) minimum safety factors in the design of the embankments, (2) stabiliza- 

tion to prevent erosion of the embankments, (3) control of any loose 

radioactive particulates to prevent wind resuspension of dusts, (4) an 
essentially watertight synthetic lining material to prevent seepage, 

(5) a seepage assessment system to detect any leaks, (6) protection of the 

site against water runoff from surrounding drainage areas, and ( 7 )  provi- 

sion to stabilize the basin when manufacturing operations are terminated. 

These measures should minimize the potential for releases from the 

impoundment other than the designed release of treated liquid waste to the 

stream and a small release of 222R, gas, which diffuses from the waste. 

For purposes of estimating the radon emanation, the area covered by rad- 

waste sludges near the end of the 30-year life of the facility is esti- 

mated as 1.33 x l o 4  m2 (3.28 acres). 

SX Case 1, final disposal of solid radwastes. SX Case 1 does not 
address final disposal of the radwaste sludges, which is at present un- 

clear. 97  Additional costs and/or releases of radioactive materials may 
be incurred in disposing of these wastes. The sludges may contain suffi- 

cient uranium to warrant recovery at some future time. Radwastes might 

be shipped wet to a uranium mill for processing, with final disposal of 

the 230Th and 226Ra in the mill tailings pile. 

minimal releases at the U F 6  plant. 

plant for uranium recovery, which would generate liquid wastes. Wastes 

might be dried and drummed at the U F g  plant for shipment off-site, which 

This option would have 

Sludges might be processed at the U F g  

would generate airborne dusts. Even though the U F g  plant impoundment is 

not expected to be the permanent repository for the radwaste sludges, 

it would probably be technically possible to "stabilize" the sludges 

(i.e., cover them with earth) on-site. These wastes will require special 

97 
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handling because of their 230Th and 226Ra contents. 

long-term 222Rn release, (2) a potential for underground migration of 

radioactive materials via seepage or leaching if the integrity of the 

container or liner should fail, and (3) a potential for windblown dusts 

if the cover should erode. It is beyond the scope of this survey to 

assess these potential impacts of the burial ground. 

There will be (1) a 

4.4.11.5 SX Case 2 - precipitate the radwaste; impound the liquid nitrate 
waste 

SX Case 2, liquid nitrate waste treatment system. The Case 2 system 

is shown schematically in Fig. 4.15. The three waste streams - raffinate 

(Stream 2R), solvent treatment waste (Stream 2T), and surplus weak acid 

(Stream 2s) - are combined and neutralized to a pH of 8.4 with 2.8 MT of 
ammonia per day to precipitate most of the radioactive materials, along 

with Al(OH)3 and Fe(OH)3. Barium carbonate treatment is not applied in 

Case 2. The radwaste slurry is pumped to a series of lined lagoons, where 

the liquid nitrate solution and radwaste sludges are impounded together. 

Natural evaporation is used to dispose of part of the water. 

The composition and flows to the waste treatment system are the same 

as in Case 1 (Tables 4.24 and 4.26). The Case 2 ammonia neutralization 

generates 1.4 MT of sludge per day, which is only about one-half the amount 
generated by the Case 1 lime neutralization (Table 4.27, Sect. 4.4.11.3). 
The amount generated by the Case 2 system is lower because most ammonium 

salts such as (NHL+)~SOL+ are soluble, whereas many calcium compounds have 

a low solubility. 
14 MT of nitrate, 4 MT of ammonium, 1 MT of sodium, and 1 MT of sulfate 
ions is impounded,in the lagoons on a daily basis. 

An estimated 1.6 x l o 5  R of liquid waste carrying 

Two models for the Case 2 lagoon system are considered - one for a 

midwestern site with an annual evaporation rate for pure water of  42.7 cm 

(16.8 in.), and the other for a New Mexico site with an evaporation rate 

of 2.2 m (7.25 ft). The estimated life (i.e., filled t o  capacity) is 

15 years. 

trate the nitrate waste to 400 g/R (%30% of the original volume). 

midwestern lagoons have a working capacity of 3.0 x l o 8  R (78 million gal) 
and cover an area of 9.2 x l o 4  m2 (22.8 acres). 

The lagoon system at the midwestern site is designed to concen- 

The 

Waste heat from the 
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condenser on the UO2(NO3)2 evaporator is used to raise the temperature of 

the pond water, thereby increasing the rate of evaporation. Wastewater 

from the lagoons is pumped to the plant for use as cooling water in the 

condenser and then returned to the pond. The system is enclosed, and 

there are no effluents. At the arid New Mexico site, the lagoon system 

is designed to concentrate the wastes to 600 g/R (%20% of the original 

volume). 

(48 million gal) and cover an area of 5.6 x l o 4  m2 (13.8 acres). 
is no waste heat evaporator in the New Mexico model where the climate is 

arid. The lagoons are lined with a watertight synthetic liner to prevent 

seepage. 

The New Mexico lagoons have a total working volume of 1 . 8  x l o 8  R 

There 

' Ammonium nitrate, a compound that is hygroscopic and extremely soluble 

in water, 58y132 is a major constituent of the liquid waste (Table 4 . 3 0 ) .  

Therefore, it seems unlikely that the nitrate brine which accumulates in 

the lagoons will evaporate to dryness. 

SX Case 2, radioactive materials in the wastes. Estimates of the 

quantity of radioactive materials in the impounded solids are given in 

Table 4 . 1 1 ;  the amounts dissolved in the impounded nitrate solution are 

listed in Table 4 . 3 0 .  No data were available, and there is uncertainty 

in these estimates. It is assumed that the uranium content of the solu- 

tion is 3 ppm after ammonia neutralization, and that neutralization precipi- 

tates 99.9% of the 230Th and 90% of the 226Ra. 
226Ra since the mechanism for radium removal is expected to be primarily 
sorption on the gelatinous Fe(OHI3 and Al(OH)3, rather than the formation 
of an insoluble radium compound (Sect. 4 . 3 . 2 . 4 ) .  The radium concentration 

in the Case 2 waste after neutralization is about 100 times higher than in 

Case 1 because no BaC03 treatment is applied. The concentrations (in 

pCi/ml) given in Table 4 . 3 0  are for the liquid in the lagoons after the 

soluble salt content of the waste has been concentrated, via evaporation, 

to 400 g/R at the midwestern site or to 600 g/R at the New Mexico site. 

These estimates assume that no additional radioactive materials precipitate 

as the water evaporates. 

This may be optimistic for 

SX Case 2, potential releases from the active nitrate impoundment. 

The lagoons near the UFg plant where the liquid nitrate wastes and 



-105- 

associated sludges are impounded represent a potential source of radio- 

active materials. The nitrate solution contains soluble radioactive mate- 

rials, while the solids contain uranium at levels comparable to a high- 

grade ore and 230Th and 226Ra at levels for the "low-impurity" feed option 

which are, respectively, 100 and 7 times higher than the levels in typical 

mill tailings from a 0.2% U308 ore (Table 4.11). 
in the environment. 

for nitrate wastes2' than for the sulfate wastes generated by uranium mills. 

Nitrate is a mobile ion 
Natural barriers such as clay offer less protection 

The study assumes that the lagoons construction meets the requirements 

of Regulatory Guide 3.1354 to minimize the potential for releases from the 

impoundment. The lagoons are lined with an essentially watertight, syn- 

thetic liner to prevent seepage of liquid nitrate wastes carrying soluble 

radioactive materials. Additional protection is provided by a seepage 

assessment system. The embankments are constructed and maintained in a 

manner which minimizes the risk of accidental dike failure. The lagoon 

system has sufficient capacity that wastes can be pumped to the other 

lagoons if the integrity of one should fail. Most of the radioactive 

solids will be covered with liquid at all times. 

result from fluctuating water levels, are sluiced into the pond,or some 

other dust control measure is applied to prevent wind-blown dust releases 

from the impoundment. 

Loose solids, which may 

However, a small amount of 222Rn gas will be released from the decay 

of 226Ra in the stored wastes; there will also be a chemical release of 

NH3.  In estimating the radon release in Sect. 4 . 4 . 1 5 ,  it is assumed that 
the sludges are confined to the first lagoon, which serves as a settling 

basin (i.e., they are not spread over the entire area). When wastewater 

containing NH3-N 

is air stripped from the wastewater. 133 

for the model Case 2 lagoons is not known. 

ammonia released per day in Table 4.7 represents a probable upper limit 

if essentially all the ammonia used to increase the pH to 8 . 4  were vola- 

tilized, leaving only ammonium nitrate salts in the lagoon. 

* 
at high pH is held in holding ponds, some of the ammonia 

The extent to which this may occur 
The estimate of 460 kg of 

* 
NH3-N is nitrogen present as ammonia (i.e., ammonia nitrogen). 
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SX Case 2, final disposal of impounded wastes. SX Case 2 is not 

directly comparable to the other case studies because it does not address 

the final disposal of the liquid nitrate wastes and radwaste sludges that 

accumulate in the lagoons. Impoundment is an interim measure, pending 

development of an acceptable permanent disposal method. 97 

alternative to releasing the nitrate which is fully developed and available 

for immediate industrial use. Additional costs and/or releases of radio- 

active materials and/or chemicals may be incurred in disposing of these 

wastes. It seems unlikely that the nitrate brine will evaporate to dry- 

ness after the lagoons become inactive. Unless the liquid nitrate waste 

is eventually treated to recover or destroy the nitrate, there will be a 

long-term potential for a liquid nitrate release via dike failure or 

seepage if the integrity of the liner should fail. Case 2 assumes that 

an acceptable disposal method for the nitrate will be found. Possible 

disposal methods for the radwaste sludges are discussed in SX Case 1. 

Is is the only 

4.4.11.6 SX Case 3 - precipitate and dry the radwaste; biological 
n i t r i f i c a t i o d d e n i t r i f i c a t i o n :  release Durified wastewater 

SX Case 3 system for treating solvent extraction wastes. A simplified 

flow diagram for SX Case 3 is presented in Fig. 4.16. Part of the yellow 

cake feed is calcined to decompose ( N H I + ) ~ U ~ O ~  to UO3 and NH3 gas. 

reduces both the ammonium and the nitrate salt loads to the biological 

system (nitrification converts NH4 
uniform feed. Barium carbonate treatment for radium removal is applied. 

The raffinate is then treated with lime slurry to precipitate the radwaste 

and to remove heavy metals which may be toxic to the bacteria. 69 The rad- 

waste solids are dried and drummed ready for shipment off-site. The lime- 

treated raffinate, the solvent treatment waste, and the surplus weak acids 

are combined and diluted with nine parts of recycled effluent from the 

biological system. Dilution is necessary because the bacteria cannot func- 

tion in concentrated salt solution. The bicarbonate in the recycle stream 

removes the calcium ions from the lime treatment as CaC03. 

the clarified wastewater is principally a mixture of NaN03, NH4N03, and 

NaHC03. 

water is then treated in the nitrification reactor where bacteria oxidize 

This 

+ to NO3-) , as well as providing a more 

After settling, 

Biofeed preparation also includes adjustment of the pH. The waste- 
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- + the NH4 to NO3 , and in the denitrification reactor where bacteria reduce 
the NO3 to N2 gas. Air must be supplied to nitrification, and methanol 

to denitrification. Denitrification takes place only in the absence of 

oxygen since the bacteria will use oxygen in preference to nitrate if both 

are present. About 90% of the effluent from the bioreactors is recycled 

to dilute incoming feed, while 10% is released to surface streams. The 

effluent released to a surface stream carries about 4 MT of NaHC03 (baking 
soda) per day, along with an estimated 10 mg of N0g-N and 2 mg of NHC-Nper 

liter. The release of radioactive materials is similar to that in Case 1. 

After dilution by the 15-cfs ( 0 . 4  -m3/sec) stream, the NaHC03 concentration 

is below the taste threshold. If desired, it could be reduced even further 

by restricting sodium salts in the yellow cake feed. On a daily basis, the 

system generates an estimated 7.2 MT of CaC03, which is calcined to recover 
lime for recycle, and 1.4 MT of biomass, which is incinerated. 

- 

The Case 3 biological system has been adapted from conventional (plug- 

flow) activated sludge systems under development for nitrifying and de- 

nitrifying municipal sewage. Sewage differs from UFg plant wastes in that 

it is much more dilute in ammonium and nitrate ions, contains biologically 

oxidizable organics even after treatment for biological oxygen demand (BOD) 
removal, and has considerable buffering capacity. There is uncertainty 

about the Case 3 biological treatment system. It has not been demonstrated 

experimentally on uranium refinery wastes and would require research and 

development before industrial application. 

The system is described in more detail in the following paragraphs 
and in Figs. 4.17-4.19;  flows are given in Tables 4.31-4.34.  

Feed calciner. The ammonium salt in the feed to digestion is limited 
21 to the minimum needed for salting strength during solvent extraction. 

It is desirable to have a uniform ammonium load to waste treatment because 
the nitrifiers are slow-growing and do not adapt quickly to fluctuations 

in the feed. The minimum ammonium content required for solvent extraction 

corresponds to %25% of the yellow cake feed. Another 15% of the model 

feed is Na2U207, which also goes directly to digestion. 

(Fig. 4 . 1 7 ,  Stream 2 ) ,  which is assumed in the model to be steam-dried 

ammonium diuranate [a 1:l mixture of (NH4)2U2O7 and UO3], is calcined under 

The remaining 60% 
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control-led conditions between 370 and 400°C to volatilize the ammonia 

(680 kg/day) and convert the uranium to GO3.  

not al1,of the nitrogen. 85 

since the U03 will begin to decompose to U3O8, which is difficult to 

dissolve in nitric acid. 

This drives off most, but 

Calcination above 400°C should be avoided 

On a daily basis, calcining part of the feed reduces the ammonium 

load to waste treatment from 1.1 MT to 0.4 MT, and the nitrate from 14.1 MT 

to 11.6 MT. 

The off-gas from the calciner (Fig. 4.17 or Fig. 4.5, Stream 2c) 

carries entrained dust, which is recovered by primary and secondary bag 

filters. The dust release was estimated by analogy to yellow cake losses 

from the dryer at uranium mills. The feed calciner is the reason that the 

release of crude yellow cake dusts from materials handling is higher in 

Case 3 than in Case 2 (Tables 4.6c, 4.6b, and 4.13). The estimated ammonia 

release to the atmosphere is 680 kg/day. Airborne ammonia releases are not 

of concern, providing that the vent is not immediately adjacent to a source 

of SO2 (or HF, in this case), which might react with the ammonia to form an 

aerosol. 86 

SX Case 3 - radwaste-chemwaste precipitation. Radium is removed by 

treatment with BaC03, and lime neutralization is used to precipitate heavy 

metals which may be toxic or inhibit the bz~teria,~’ some chemicals such 
as CaS04-2H20, and any radioactive materials. The removal of chemicals 

and preparation of a relatively uniform feed may be of greater inportance 

than the removal of radioactive materials. This is because the bacteria 

function best when they can beccme acclimatized to one feed. Shifts to a 

different salt sometimes result in reduced biological activity until a new 

population adapted to the new feed can develop. The bacteria per se will 

remove uranium; 13/‘7135 however, their effect on radium and thorium is not 

kno-m. It is possible that the bacteria might remove these also. 

The radwaste Precipitation system has been described previously in SX 
Case 1 and Sects., 4.4.11.2-4.4.11.4. Because the ammonium ccncentration 

is lower, the selution is less buffered and slightly less Ca(OH)2 is 

required than in Case 1 (5.5 vs 6 . 1  MT/day). 

is recycle material. 

Approximately 752 of the lime 
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SX Case 3 - radwaste drying and packaging. In Case 3 the radwaste -- 
sludges are centrifuged, washed on the centrifuge, reslurried, and spray 

dried at about 280°C (Fig. 4.17, Table 4 .31 ,  and Sect. 4 . 4 . 3 ) .  The dry 

solids are finally packaged in drums ready for shipment off-site to a 

ltcensed burial ground o r  possibly to a mill for recovery of the uranium. 

An estimated 3.9 MT/day as dry solids is handled. 

tions of the radwaste and the radioactive materials are given inTables 4.27 

and 4.11 respectively. 

The chemical cornposi- 

Both the off-gas from the spray dryer and the air used to control 

dust during packaging are passed through primary and secondary bag filters 

before being released to the atmosphere. In the absence of data on the 

quantity of airborne dust generated by this type of operation, the source 

terms for Stream 10A (Fig. 4.17, and Tables 4.6~ and 4.14) were estimated 
by analogy to dusts generated by an autogenous air grinding and drying 

circuit and to yellow cake packaging at a uranium mill. 

Biofeed preparation (calcium carbonate precipitation). Biofeed pre- 

paration has several functions: 

the bacteria can function, (2) to precipitate calcium ions which might 

create problems in the biological system, and (3) to adjust the pH. The 

biofeed preparation system is shown in Fig. 4.17; the flows are given in 

Table 4.31. 

(1) to dilute the feed to the range where 

- 
Nitrate concentrations greater than 6 f o  7 g/P. ( 1 . 4  to 1.6 g of NO3 -N 

pei liter) significantly inhibit the rate of denitrati~n.'~~''~~ 

combined solvent extraction wastes [i.e., the lime-treated raffinate 

(Fig. 4.17, Stream 1 2 ) ,  surplus weak acid (Stream 2S), and solvent treat- 

ment waste (Stream 2T)] contain an estimated 66 g of NO3-lR (15 g of NO3. -N 

per liter), the waste is diluted with nine parts of recycle effluent from 
the biosystem (Stream 13). In the limited studies completed to date, this 

appears to be about the upper limit of recycle which can be tolerated with- 

out substances in the recycle inhibiting denitration. 72 

feed is also a necessary prerequisite to nitrification because both 

molecular ammonia and nitrous acid (a possible intermediate) inhibit the 

reactions. 

NH, -N and pH. 

Since the 

- 

Dilution of the 

The boundary conditions form a Friangular-shaped zone relating 
+ + The apex, o r  upper limit,is %250 to 500 mg of NH, -N 



-110- 

per liter for the zone where the Nitrobacter and the Nitrosomonas bacteria 

can function together to achieve nitrification. 138y139 

within narrow limits at NH3-N concentrations above 50 to 100 mg/R. 
+ dilution with recycle effluent, the model feed contains 180 mg of NH4 -N per 

liter. This is probably about the upper limit that is practical under 

field conditions. 

The pH must be held 

After 

Lime neutralization is the most effective method for removing toxic 

heavy metals from the feed. 

however, they may create difficulties in the bioreactors due to the 

precipitation of CaC03, such as problems associated with the plugging of 

air diffusers in the nitrification tanks, scaling of tanks, and solids 

removal. 

floc, thereby reducing the capacity of the bioreactors. Most of the 

calcium ions can be precipitated as CaC03 during biofeed preparation by 

reaction with the bicarbonate ions in the recycle stream used to dilute 

the feed: 

Calcium ions are compatible biologically; 

Precipitated CaC03 might also displace biomass in the suspended 

- 
Ca2+ + 2HC03 - CaC03(s) + H20 + C02(g). 

The bicarbonate ions also neutralize excess free acid from the surplus 

weak acid stream: 

- + H + HC03 - H20 + C02(g). 

The waste streams (Fig. 4.17, Streams 12, 2S, and 2T) and the recycle 

NaHC03 solution (Stream 13) are mixed and then treated in the preaeration 

tank where mild air agitation removes C02 from the solution and promotes 
flocculation. An estimated 2.5 MT of C02 is released per day. Ferric 

chloride, at 5 mg of Fe/R (26 kg of FeC13/day), is added as a coagulant. 

About 600 kg of CaC03/day is recycled as a 6 wt % slurry (Stream 15) to 
provide seed crystals and to promote flocculation. A second tank (or 

compartment) is used to adjust the pH to 7.5 with Ca(OH), slurry, and the 

wastewater is clarified. The overflow is the feed to the biological 

system (Stream 26). Chemically, it is a solution primarily composed of 

NH4N03, NaN03, and NaHC03; however, it also contains suspended CaC03 at 
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an estimated concentration of 0 . 2  g/R, some potassium salts, a small 
amount of sulfate which was not removed during radwaste-chemwaste pre- 

cipitation, and sulfate from the solvent treatment waste. The precipi- 

tated CaC03 is withdrawn from the clarifier as a 6 wt % solids slurry 

(Stream 2 1 ) .  About 8% is recycled to promote flocculation (Stream 15). 
The remainder is centrifuged, yielding a cake containing 7.2  MT/day of 

CaC03 with about 35 wt % residual moisture (Stream 2 3 ) .  The CaC03 is 

washed on the centrifuge to remove nitrate salts and is then calcined to 

recover lime for recycle (to be discussed later). The centrate (Stream 2 4 )  

is treated by the biosystem. 

somewhat related systems that have been tested for possible use at sewage 

treatment plants. 

The CaC03 removal system was adapted from 

96,140-142 

Biological nitrification. The Case 3 model plant uses a suspended- 

growth (activated-sludge) bioreactor to oxidize the ammonium (and nitrite) 

to nitrate.* The essential features are shown in Fig. 4.18 .  The waste 

is pumped to an aeration tank, where aerobic bacterial flora oxidize 

part of the ammonium ion to nitrate and the organic carbon to C02; another 

part is synthesized into bacterial substance. The bacterial flora grow 
in the form of a floc (the activated sludge) which is suspended in the 

liquor. The mixture of treated wastewater and sludge is then allowed to 

settle, and the effluent (free from sludge) is discharged to nitrification. 

The sludge is returned to the aeration tank to be used in the treatment 

process again. Since the bacteria increase in number, surplus sludge is 

removed periodically. 

The feed to the bioreactor (Fig. 4 . 1 8 ,  Stream 2 6 )  is a dilute solution 

of NH4N03, NaN03, and NaHC03 containing about 180 mg of NH,++-N per liter. 

It has been treated to precipitate heavy metals, which are toxic to the 
bacteria, and to remove other chemicals as well as the radioactive mate- 

rials (Fig. 4 . 1 7 ) .  The pH has been adjusted to 7 . 5 .  Trace nutrients such 

* 
Suspended-growth reactors were selected for the model because there 
has been more experience with this type of reactor. The model feed 
is also suitable for a fluidized-bed reactor, and the biochemical 
reactions would be similar; however, the material flows would be 
different. 
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as phosphate, magnesium, and others are added to promote growth* 
136,137 (Table 4 . 3 2 )  . 

For purposes of the assessment the biochemical reactions, including 
6 8  synthesis, are assumed to be: 

+ 55 NE +76 O2 + 109 H C 0 3  --+ C I.I NO + 54 4 5 7  2 
- 

Nitros omonas 

+ - 
400 NO2 + N H 4  -I- 4 H 2 C 0 3  -t 

- 
H C 0 3  + 195 O2 

- 
NO2 + 57 H 2 0  + 104 H2C03 , 

- 
--t C H NO + 3 H20 + 400 NOg ; 5 7  2 
Nitrobacter 

and the overall reaction is 

- - + 
NH4 + 1 . 8 3  O2 + 1.98 HCO3 ---f 0.021 C5H7N02 + 1 . 0 4 1  H20 + 0 . 9 8  NO3 + 

1 . 8 8  H2CO3. 

The maximum growth rate of the Nitrobacter is considerably higher than the 

maximum growth rate of the Nitrosomonas. Under steady-state conditions, 

nitrite does not accumulate in the reactor. 

to the microbial concentration and zero order with respect to NH, -N down 

to 1 to 3 mglt.. 143-145 The reaction is sensitive both to pH, with 7 to 8 

being the optimum range, and to temperature. 

The kinetics are proportional 
+ 

68 ,144  

In the model, the recycled effluent from denitration ( F i g s .  4 .17  and 

4 . 1 8 ,  Stream 1 3 )  contains an excess of bicarbonate with respect to CaC03 

precipitation and nitrification. Aeration supplies the oxygen and strips 

CO, from the solution, thus removing the carbonic acid.** 

The biofeed also contains small quantities of organics which are 

oxidized to C02 by heterotrophic bacteria under the same conditions as 

nitrification takes place. The model assumes that the raffinate and the 

J( 
It is possible that some of the trace nutrients may be naturally present 
in the feed. 

The rate of nitrification decreases significantly below a pH of 7.  It 
is often necessary to add base to neutralize the acid if the nitrifica- 
tion system does not have an air sparge (e.g., uses pure oxygen or the 
rotating biol-ogical disk method). 

k ;k 
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solvent treatment wastes (Fig. 4 . 1 7 ,  Streams 2R and 25) contain TBP at 

a concentration of 0.16 g/R146 and that it is Eiodegradable. 

are assumed to be: 

The reactions 

- -t. 
CqHgOH + 4.93 0 2  + 0.22 NH4 + 0.22 HC03  _f 0.22 C g H 7 0 2 N  + 3.12 C02 + 

biomass 

4.78 H 2 0  . 

The model also assumes that the recycle N a H C 0 3  solution used to dilute the 

feed (Fig. 4,17 or 4 . 1 8 ,  Stream 13)  contains 20 mg of organic carbon per 

liter, of which 7 mg/R is present as colloidal biomass that is refractory 

and not biodegradable during nitrification, and 1 3  mg/R is present as 

excess methanol from denitration (to be discussed later). The methanol 

is biodegradable during nitrification: 

- + 
CH30H + 1.23  0 2  + 0.055 NH4 + 0.055HC03 ------f 0.055 C 5 H 7 0 2 N  + 0.78  C02 + 

biomass 

The behavior of TBP in the system is speculative. The behavior of the 

organic carbon in the recycle Stream 1 3  (Fig. 4 . 1 8 )  is estimated by analogy 

to activated-sludge sewage treatment followed by nitrification. 143 Biomass 
yields for the organic carbon oxidation are estimated for a sludge age of 

20 days (the ratio of the quantity of biomass in the reactor to the quantity 

wasted per day) by extrapolation from the biomass-yield-vs-sludge-age data 

of Sherrard and Schroeder. 147 Since the heterotrophic bacteria grow about 

ten times faster than the nitrifiers, the amount of biologically oxidizable 

carbon is an important consideration in the design of the system. 

Estimated parameters for nitrification of the model feed at a pH of 

7 to 8 and a reaction temperature of 20°C are: 

1. sludge retention time (mean cell residence time in the reactor, 

ratio of biomass in the reactor to biomass wasted per day): 
141 

20 days; 
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2. 

3. 

4. 

5. 

6. 

+ rate of nitrification: 0.7 g of NHb -N oxidized per liter of 

reactor per day; 

MLTSS (mixed-liquor total suspended solids): ~ 3 0 0 0  mg/R; 

MLVSS (mixed-liquor volatile suspended solids, i.e., active 
14 3 biomass): 50 to 60% of the MLTSS under field conditions; 

working volume: 

hydraulic detention time: 5.3 hr. 

.. 141 

4.6 x l o 5  R (1.22 x l o 5  gal; 1.62 x lo4 ft3); 

The rate of nitrification is estimated by assuming that (1) 65% of the 
biomass is Nitrosomonas (the rate-limiting parameter; calculated for the 

model feed from the biochemical reactions), (2) a MLTSS of 3000 mg/R 

(2.0 g/R of Nitrosomonas active and dead), (3) an NH4 -N oxidation rate 
in the laboratory of ~ 1 . 4  mg per g of pure Nitrosomonas at 20°C and a pH 

of 7 to 8,144 and (4) a rate in the field which is half that in the labora- 
148 tory because a refractory bacterial population accumulates with time. 

There is uncertainty in this estimate. 

+ 

The nitrification rates at 15 and 25°C are, respectively, ~ 0 . 6  and 

1.5 times the rate at 20°C.68 

reactions. During cold weather this may not be sufficient and waste heat 

from the UFg plant might have to be used to warm the reactor and/or part 

of the waste might have to be impounded and processed later during warm 

weather. 

Some heat is generated by the biochemical 

Nitrifying bacteria are slow-growing and lose their activity rather 

quickly when the substrate is exhausted. For example, it has been reported 

that starved Nitrobacter lose 50% of their activity in 2 days under aerobic 

conditions. 69 Therefore, nitrification wiii not adjust quickly to fluctua- 
tions in the NH, load. The model plant has surge capacity (holding ponds) 

to operate the biological system continuously at a relatively constant 

ammonium load. 

+ 

Flows for the nitrification system are presented in Table 4.33, and 

the codes are shown in Fig. 4.18. On a daily basis, the liquid flow to 

nitrification is 1.8 x l o 6  R (4 .7  x l o 5  gal), 440 kg of trace nutrients . 

are added, and 6 MT of biomass is recycled at 2 wt % solids in the sludge. 

Calculated air requirements are 44 sm3/min (1540 cfm). Blowers for sewage 
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treatment plants are usually sized at least 150%, and somet,.nes 200%, 3f 
the calculated requirements with provision to throttle back and/or take 

out of service. 

the diffusers. 

estimated 60 kg of waste biomass is withdrawn from the system, while the 
clarified effluent (which is the denitrification feed) contains 20 kg of 
colloidal biomass. It may be possible to waste all the surplus biomass 

to the denitrification system. 

Air filters are needed to prevent dust from clogging 

About 1.6 MT of C02 is released to the atmosphere. A n  

Biological denitrification. Case 3 uses an activated sludge-type 
system to denitrify the nitrate to nitrogen gas. The effluent from nitrifi- 

cation, which is the feed to denitrification, contains about 1.7 g of NO3 -N 
per liter. 

oxygen in preference to nitrate if both are present. 

source must be supplied. Methanol is preferred for economy; however, 

other nutrients can be used. Methanol requirements, biomass production, 

and N2 off-gas for the model waste treatment facility are estimated from 

the following equation: 

- 

Air must be excluded since the denitrifying bacteria will use 

An organic carbon 

- 
NOg + 1.08 CH30H + 0.24 H2C03 + 0.056 CgH7N02 + 0.47 N2 + 1.68-H20 + 

biomass 
- 

HC03 . 
The equation predicts that the solution might become too basic (pH > 8), 

but this problem has not been encountered in practice. 
72 

Estimated parameters for denitration of the model feed at a pH of 

7 to 8 and a reactor temperature of 20°C are: 

1. sludge retention time: 15 to 17 days; 

2. rate of denitrification: 0.2 g .of NO;-N per liter of reactor per day; 

3. MLTSS: ~ 3 0 0 0  mg/R; 

4. MLVSS: 1880 mg/R (%63% of the MLTSS); 

5. working volume: 7.8 x lo6 R (2.1 x l o 6  gal, 2.8 x l o 5  ft3); 

6. hydraulic detention time: 4.4 days. 
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The denitrification rates were estimated from field tests with municipal 

sewage by Horstkotte et al. 14’ and Heidman et al. 143 
dependence of denitrification is similar to that of nitrification. 

The growth rate of denitrifiers is about one-third that of heterotrophic 

bacteria and three times that of nitrif iers. 

will be more flexible than the nitrification reactor in adjusting to 

fluctuations in the feed, but less flexible than a sewage treatment plant. 

The temperature 
68 

i 

The denitrification reactor 

Flows for the denitrification system are given in Table 4.33; codes 

are shown in Fig. 4.18. On a daily basis, 7.3 MT of methanol is added 

(including 40 mg of organic carbon per liter excess), 4.6 MT of biomass 
is recycled as 2% solids sludge, 1.4 MT of surplus biomass is renoved 

from the system as waste, and 2.8 MT of N2 is released to the atmosphere. 

After denitration, the mixed liquor containing the biomass is 

stabilized (aerated). 14” 143 This improves the handling properties of 
the sludge, oxidizes most of the excess methanol, and aerates the liquid 

so that the dissolved oxygen content of the effluent will be acceptable. 

This is followed by mild aeration in a physical conditioning channel, 

which helps to flocculate the sludge. The mixture is then settled. 

Part of the biomass is recycled to be used in the treatment process again; 
the surplus, which is waste,is dewatered and incinerated (Fig. 4.19). 

There are reports that the sludge yield with this type of system is only 
about one-fourth that predicted. 14’ 

cantly reduce the quantity of biomass requiring disposal. 

If tliis is true, it would signifi- 

About 90% of the clarifier overflow is recycled to dilute incoming 
waste (Fig. 4.17 or 4.18, Stream 13). In this model the carbon product 

of denitration is HCO3 , which is recycled to biofeed preparation and is 
then removed from the system either as CaC03 or as C02 during biofeed 

preparation. 

- 

SX Case 3 liquid effluent. The other 10% of the clarifier overflow 
is passed through a sand filter to remove small amounts of biomass, and 

the purified wastewater is released to a surface stream. 

concentration of the UF6 plant effluent is estimated as 10 mg/R and the 

NHI++-N as 2 mg/R. 

- 
The NO3 -N 

The wastewater carries about 4 MT of NaHCO3 (baking 
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soda) per day, as weil as small amounts of potassium and sulfate salts 

(Table 4.10). 
concentration is 120 mg/R; which is a factor of 10 below the taste thresh- 

old. 150 

sodium salts in the feed i€ desired; however, some sodium salt is necessary 

in the model because the bioreactors are not designed for a Ca(N03)2 bio- 

feed where CaC03 precipitates in the biosystem. 

After dilution by the 15-cfs (0.4-m3/sec) stream, the salt 

The NaHC03 release could be reduced by a factor of 2 by restricting 

The treated wastewater carries small quantities of radioactive mate- 

The rials (Table 4.9). 
removal efficiencies for BaCO3 treatment and radwaste precipitation are 

the same as in Case 1. The CaC03 precipitation and/or biomass remove a 

small amount of uranium from the solvent treatment waste; the effluent is 

assumed to contain 3 ppm uranium. 

conservatively assumed to effect no (zero) removal of thorium and radium 

other than the decay of 234Th due to holdup in the system. 

terms for 234Th and associated 234mPa are estimated for a mean hydraulic 

resiclence time of 24 days when operated in the 90% water recycle mode. 

This would permit 50% of the 234Th and associated 234mPa to decay in the 

The source terms are similar to those in Case 1. 

The CaC03 treatment and biomass are 

* 
The source 

waste treatment system. 

Lime recovery. The CaC03 generated during biofeed preparation is 

calcined at 925°C in a multiple-hearth furnace (Fig. 4.19, Sect. 4.3.3.4). 

The primary purpose is to eliminate the need to dispose of 7.2 MT of solid 
chemwaste per day. The wet cake is dried in the upper portion of the 
furnace by the exhaust gases and calcined in the middle portion; the ash 

is used to preheat the fuel and air. The ash, composed of ~ 9 5 %  CaO and 
5% CaC03,141 is slaked and recycled to waste treatment. 

about 75% of the lime requirements are met with recycle lime and 25% with 

makeup lime. The off-gas carries ~ 1 5 %  of the solids as entrained dust, 

containing principally dried CaC03 from the upper hearths. 

10% is recovered by a cyclone and recycled to the furnace, while most of 

the remaining 5% is collected by a venturi scrubber. 

recycled to biofeed preparation. The CaC03 cake is washed in the centrifugz 

In SX Case 3 ,  

141 

Approximately 

Scrub liquor is 

* 
There is a possibility that bacteria may remove other heavy metals 
besides uranium. 
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t o  minimize t h e  q u a n t i t y  of sorbed  n i t r a t e  sa l ts  in t roduced  i n t o  t h e  

furnace .  The of f -gas  carries an  e s t ima ted  24 kg/day of NO 

HN02 ( c a l c u l a t e d  as N02) from t h e  the rma l  decomposi t ion of n i t r a t e  sa l ts .  

Some of t h i s  may b e  c o l l e c t e d  by t h e  sc rubbe r .  A bag f i l t e r  i s  a l s o  

a v a i l a b l e  t o  c l e a n  dus t - laden  a i r  gene ra t ed  i n  hand l ing  t h e  l i m e .  Flows 

are g iven  i n  Table  4 . 3 4  f o r  t h e  codes shown i n  Fig .  4.19. 

HNO3, and 
X’  

The feed  t o  t h e  fu rnace  i s  expec ted  t o  be  a chemical  waste c o n t a i n i n g  

levels of a c t i v i t y  b a r e l y  d i s t i n g u i s h a b l e  above t h e  n a t u r a l  background of 

t h e  l i m e .  Ai rborne  releases of r a d i o a c t i v e  materials from t h e  i n c i n e r a t o r  

are expected t o  be  n e g l i g i b l e  re la t ive t o  t h e  o t h e r  releases from t h e  

UF6 p l a n t .  Radioac t ive  materials are n o t  expected t o  c o n c e n t r a t e  i n  t h e  

l i m e  because i n s o l u b l e s  are removed d u r i n g  radwas te  p r e c i p i t a t i o n  and t h e  

l i q u i d  e f f l u e n t  serves as a b l e e d  f o r  s o l u b l e  s p e c i e s .  A t  wors t ,  i f  a l l  

t h e  r a d i o a c t i v e  materials t h a t  e n t e r  t h e  b io feed  p r e p a r a t i o n  system were 

removed by e i t h e r  CaC03 p r e c i p i t a t i o n  o r  t h e  biomass, t h e  sou rce  terms 

f o r  t h e  i n c i n e r a t o r  and l i m e  hand l ing  u s i n g  t h e  of f -gas  t r ea tmen t  shown 

i n  Fig.  4.19 would be  2 t o  3% of t h e  t o t a l  releases. It i s  most u n l i k e l y  

t h a t  a l l  t h e  s o l u b l e s  e n t e r i n g  b io feed  p r e p a r a t i o n  would p a s s  through t h e  

i n c i n e r a t o r .  

The s y s t e m  is  c o n s e r v a t i v e l y  designed ( i . e . ,  h igh  w i t h  r e s p e c t  t o  

c o s t s )  t o  c a l c i n e  a l l  t h e  CaC03. 

t h i r d s  of t h e  C a C 0 3  d i r e c t l y  ( i .e. ,  wi thou t  c a l c i n i n g )  t o  radwas te  p r e c i p i -  

t a t i o n  t o  n e u t r a l i z e  t h e  f r e e  HNO3 i n  t h e  r a f f i n a t e .  Th i s  would probably  

r e q u i r e  a two-step n e u t r a l i z a t i o n :  f i r s t  w i th  C a C 0 3 ,  and then  w i t h  Ca(OH)2. 

It may be  p o s s i b l e  t o  r e c y c l e  up t o  two- 

There is  u n c e r t a i n t y  about  t h e  rate (and t h e r e f o r e  t h e  f e a s i b i l i t y )  of 

r e a c t i n g  C a C 0 3  w i t h  d i l u t e  n i t r i c  a c i d  i n  a system where gypsum and o t h e r  

calcium compounds are p r e c i p i t a t i n g .  

Biomass i n c i n e r a t i o n .  I n c i n e r a t i o n  i s  used t o  d i s p o s e  of t h e  1 . 4  MT 

of waste biomass produced d a i l y  (F ig .  4 .19) .  95’151 

sewage s ludge ,  which is  composed of ~ 2 %  s o l i d s  and 98% water, m u s t  f i r s t  be 

dewatered. The normal procedure f o r  dewater ing  i s  t o  c o n d i t i o n  w i t h  

Typ ica l  a c t i v a t e d  

152 

15% C a O  and 5% FeC13 on a d r y  s ludge  s o l i d s  b a s i s ,  fo l lowed by f i l t r a -  

t i o n .  The material is  d i f f i c u l t  t o  f i l t e r ,  and t h e  cake  has  a h igh  

water con ten t .  The model is  based on 21.5% s o l i d s  - 78.5% water. 151  
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The biomass contains some fuel value, but not enough for autogenous 
combustion. This assessment estimated the amount of auxiliary fuel 

required at 1.40 x lo6 kg-cal/MT dry solids [dry biomass plus CaC03 and 

Fe(OH)3]; however, the value is very sensitive to the quantity of con- 

ditioning chemicals and the moisture content of the cake. The filtrate 

is processed through the treatment system since it may contain organic 

compounds. 

The waste biomass can be incinerated in the same multiple-hearth 

furnace as the lime. 14' 

and recycled. 

presumably will be oxidized to some form of NO . 
calculated as N02, is released. 

The ash will be principally CaO that is slaked 

The biomass contains a small amount of nitrogen, which 

An estimated 590 kg/day, 
X 

Flows are given in Table 4.34 for the codes shown in Fig. 4 . 1 9 .  

4.4.11.7 SX Case 4 - precipitate the radwaste and incorporate it in 
cement; recover nitric acid, ammonia, and water 

SX Case 4 system for treating solvent extraction wastes. A simplified 

flow diagram for SX Case 4 is presented in Fig. 4.20 for a low-sodium 

yellow cake feed based on magnesia as a carrier to recover the nitrate by 

thermal denitration (calcining). Barium carbonate treatment for radium 

removal is applied. The raffinate is then neutralized with magnesia to 

precipitate most of the radioactive materials, together with the hydrox- 

ides or oxides of aluminum and heavy metals. Magnesia is used in prefer- 

ence to lime because it decomposes at a lower temperature [ 4 3 0  to 455°C 

for Mg(N03)2 vs 612 to 645OC for Ca(N03)2] 7 5 y 7 6  and generates less solid 
radwaste requiring final disposal. The radwaste solids are cemented to 

provide additional protection and drummed for shipment to an approved 

repository. 

After removal of the radioactive materials, the liquid waste is 

treated with a stoichiometric amount of lime to precipitate the sulfate ' 

and fluoride, which are corrosive in the calciner. This step is combined 

with ammonia removal by adding additional magnesia and heating to volatil- 

ize the ammonia along with a fraction of the water. Ammonia is recovered 

from the off-gas as a 28 wt % aqueous solution suitable for off-site 
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industrial use, while the CaS04.2H20 (gypsum) chemwaste solids are 

impounded in a lined pit near the plant. 

serves as the feed to the nitric acid recovery system. Wastes from 

solvent treatment and weak acid wastes, such as evaporator overheads, 

which contain relatively low levels of radioactive materials and chemi- 

cals are treated separately from the raffinate to avoid dilution of the 

ammonia recovery stream. 

The Mg(N03)2 waste solution 

The nitrate values are recovered by boiling down to the approximate 

composition of Mg(N03)2*6H20 and then denitrating (calcining) the molten 

salt in equipment similar to that used to denitrate UO~(N03)2*6H20 

(Sect. 4 . 4 . 5 . 7 ) .  Nitric acid is recovered from the off-gas for recycle 

to digestion (Sect. 4 . 4 . 5 . 1 ) ,  and the MgO calcine is reused in waste 

treatment. The chloride impurity (which enters the UFg plant in the 

yellow cake feed) volatilizes with the NOx during calcining and is very 

corrosive. An ozone-air sparge is used for oxidizing the chloride to 

chlorine gas and stripping it from the recovered acid. Part of the 

calcine is water-leached before it is recycled to prevent accumulation 

of sodium and potassium salts in the magnesia circuit. 

salts are dried and drummed in preparation for special (i.e., dry) storage. 

The water-soluble 

The Case 4 waste treatment system is not suitable for wastes contain- * 
ing appreciable quantities of sodium o r  potassium salts. 

inetal nitrates are relatively low-melting, yet do not decompose except at 

relatively high temperatures (Q7503C for NaN03), if at all (KNO3 is stable 
to 83OOC). 76 

sodium content of the yellow cake feed, and internal process changes are 

made to elinicate the use of sodium and potassium compounds in the 
refining section of the UFg plant. 

is permitted in conversion since these wastes are treated separately.] 

The alkali- 

Therefore, in Case 4 ,  new restrictions are placed on the 

[The use of KOH scrubbers for fluoride 

* 
853 

It is possible to recover HNO3 from wastes containing NaN03 by addin 
H2S04 to the waste and destructively distilling off the nitric acid. 
This system was not selected for Case 4 because the evaporator bottoms 
would consist of a relatively large quantity of water-soluble radwaste 
salts, which would not be in keeping with an advanced case study. There 
was also uncertainty about the behavior of ammonium salts in this system 
(e.g., the risk of detonation' if, as a result of some malfunction, in- 
sufficient H2SO4 were added and the evaporator went dry on a high-NHhN03 
feed). 
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To be consistent with other ALARA reports in this series, Case 4 
has no direct liquid release to surface streams carrying radioactive 
materials or chemicals from the solvent extraction process. 

there is a long-term potential for a small nitrate release via seepage 

or leaching if the solid chemwastes should come into contact with water. 

Airborne releases from waste treatment consist of NO C12, excess ozone 

from nitric acid recovery, and dusts from handling the recycle magnesia 

and the calcine bleed; these are basically chemical wastes. 

radwaste is handled wet and cemented, no significant radwaste dust 

release occurs. The recovered ammonia solution is purified by evaporation 

and is expected to be suitable for release off-site. 

However, 

XY 

Since the 

On a daily basis, the Case 4 system treats 164,000 R of solvent 
extraction wastes by chemical and physical means, including evaporation 

and the calcination of 18 MT of nitrate salts per day. It recovers 13.5 MT 
of HNO3 as 45 wt % acid suitable for recycle and 1.5 MT of ammonia as a 
28 wt % aqueous solution suitable for industrial use. A total of 2.3 MT 
of radwaste solids (cemented and drummed), 2.6 MT of CaS04*2H20 chemwaste 
solids (stored on-site), and 0.4 MT of water-soluble chemwaste solids 

(dried and drummed, to special storage)is generated. Chemical requirements 

are 0.7 MT of makeup MgO, 0.7 MT of CaO, 68 kg of ozone as a 1 wt % 

mixture in air, 160 kg of BaC03, and 17 kg of Al2(SO4)3. 
of MgO is recovered for reuse in waste treatment. 

A total of 6 MT 

Many of the steps in this case study such as the thermal denitration 

of Mg(N03)2*6H20, the magnesia purification system (sodium and potassium 

bleed), and the two-stage radwaste-chemwaste precipitation have not been 
demonstrated on uranium refinery wastes. Research and development would 

be necessary before the system would be ready for industrial use. 

The Case 4 waste treatment system is described in more detail in the 
following paragraphs, and in Figs. 4.21-4.25. Flows are presented in 

Tables 4.35-4'. 40. 

Restrictions on sodium salts in the plant feed, Because of the large 

temperature range (305 to %75OoC) over which sodium nitrate exists in the 

molten, undecomposed state, sodium ions create serious difficulties with 
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caking and corrosion in calciners. 76y82-84  

limiting sodium (and other alkali metal) salts are placed on the plant 

feed in Case 4 .  It is simpler technically to change the mill processes 

than to deal with these ions in UF6 plant wastes. 

which can be accommodated in the system described here is not known. 

For a fluid-bed calciner based on alumina, the upper limit corresponds 

to $2 wt % sodium in the calcined product. 

Therefore, new restrictions 

The level of sodium 

84 

The Case 4 feed to the model plant is assumed to be steam-dried 

ammonium diuranate, with the uranium present as a 1:l mixture of (NH4)2U207 
and UO3. 

and 0.2 wt % sodium ions (on a uranium basis). The other impurities are 

assumed to be the same as those in Cases 1-3. The composition of the 

raffinate waste based on the Case 4 feed is presented in Table 4 . 2 5 .  

The feed is contaminated with a small amount of ammonium sulfate 

The model restricts sodium salts in the yellow cake feed to the 

minimum which can be produced by the mills. 

this is a.15 wt % sodium on a uranium basis;21 for alkaline-leached 

yellow cake, it is ~0.5% sodium. The 0.15% sodium limit can be met by 

acid-leach mills which use (NH4)2SO4 or H~SOI+-(NH~)~SO~ as the stripping 

or eluting agent and ammonia to precipitate the yellow cake. 21 

domestic acid-leach lnills use ammonia precipitation today; however, in 

order to clvoid contaminating the product with sodium ions, backfitting 
would probably be necessary at those mills that use NaCl in stripping or 

eluting. Sodium chloride [or, more correctly, a mixture of NaCl and 

(NH4)2S04] is a better stripping agent than (NH4)2SO4. Changing the 

stripping agent would require careful pH control during stripping and 

might result in slightly higher uranium losses at the mill. 154 

alkaline-(sodium carbonate-) leach process, the precipitation of Na2U207 

For acid-leached yellow cake, 

All 

In the 

-~ 

is an essential part of the mill circuit.2y155 In order to meet the new 

low-sodium specification, the alkaline-leach mill operator would have to 

add an additional purification step such as dissolving the product in 

sulfuric acid and reprecipitating with peroxide or washing the product 

with (NH4)2so4. 156 
assumed for the model. The wastes from the purification step have rela- 

tively little impact on.the existing mill tailings pond, which already 

A small residual sodium contamination of 0 . 5 %  is 
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contains Na2C03, NaOH, and usually some lime in ore residues. In contrast, 
the same waste at a midwestern UFg plant where natural evaporation ponds 

are impractical represents an expensive disposal problem in the advanced 

cases that minimize liquid effluents. The additional cost to the mill 

operators to meet the new specifications is not included in the case study. 

One parameter which would need to be investigated if the Case 4 waste 
treatment system were considered for actual plant use is the level of 

sodium ions which can be tolerated. Evan a slightly higher sodium level 

of 0.5% for the acid-leach feed (vs 0.15% in the model) would allow the 

mill operator the option of using NaCl to strip or elute, with an (NH4),S04 
wash to remove the sodium impurity in the precipitated yellow cake. Almost 

all acid-leach mills could meet a specification of 1.4% sodium maximum 

without backfitting. 

Restrictions on chloride in the plant feed. Chloride is very corro- 
47 sive in the recycle nitric acid stream and expensive to remove (Sect.6.0). 

It is limited to the average in the feed today (i.e., 0.07 wt % of the 

uranium). 

Process changes at the refinery. Internal process changes are made 

at the UFg plant to eliminate sodium and potassium additives in therefinery 

section. In solvent treatment (Sect. 4.4.5.6), Mg(@H)2 slurry replaces 

the caustic scrub. Material flows for the model are presented inTable 4.17. 

Magnesium hydroxide was used to precipitate uranium at the Anaconda mill 

for a number of years, 157y158 and was also used in solvent treatment at 
the Fernald refinery.*l 

handle than a caustic solution, no major difficulties are anticipated. 

* 

Although a slurry may be less convenient to 

Lime [Ca(OH)2] slurry replaces the caustic scrub used to remove HF 
from the miscellaneous digestor off-gas (Sect. 4.4.5.4). This system has 

43 been tested on a small scale for air streams containing 5 wt % HF. 

Development would be required before it is ready for industrial use. 

Radwaste precipitation. Codes are shown on Fig. 4.21; material flows 

are given in Table 4.35. Barium carbonate treatment is applied for 99% 

* 
The use of KOH scrubbers to remove fluoride from off-gases is permitted 
in the conversion section of the plant since those wastes are treated 
separately from the raffinate. 
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rzdium removal as described in Sect. 4.4.11.2, and the raffinate 

(Stream 2R) is neutralized with Mg(OH)2 slurry [Stream 4 ;  1.5 kg H20/kg 
Mg(OH)2] to a pH of 9 to precipitate Al(OH)3 and Fe(OH)3 along with most 
of the radioactive materials. 
of 267 g per 1000 g of saturated solution159 and does not precipitate in 

the model. The solids are separated by centrifuging, and the cake is 

washed in the centrifuge (1.5 R of wash water per kg of solids) to remove 

sorbed nitrate salts. The system generates an estimated 2.3 MT of solid 

radwaste per day (Stream 6 ) .  The estimated chemical composition of the 

solid radwaste is given in Table 4.27, and the total amount of radioactive 

materials in Table 4.11, using the assumptions of Sect. 4.4.11.3. (The 

specific activities shown in Table 4.11 refer to the waste after cementing.) 
Daily chemical requirements are 5.1 MT of Mg(OH)2, 160 kg of BaC03, and 

17 kg of Al2(S01+)3. Most (~95%) of the magnesia is recycle material. 

Magnesia neutralization of uranium refinery wastes has not been tested 

experimentally. Therefore, there is uncertainty in the flows, particularly 

the chemical composition of the solid waste. 

Magnesium sulfate has an aqueous solubility 

The primary purpose of radwaste precipitation is to concentrate most 

of the radioactive materials into solids having a relatively l o w  solubility 

in water and to keep most of the activity out of the calciner, which may 

be a high-maintenance operation.77 

because the quantity of generated radwaste which requires final disposal 
is nearly a factor of 2 lower (Table 4.27), and because Mg(N03)2 decomposes 

at a lower temperature than does Ca(N03)2 (430 to 455°C vs 612 t o  645OC). 

Magnesia is used in preference to iime 

75,76 

In Case 4 ,  the wet centrifuge cake (Fig. 4.21, Cementing the radwaste." 

Stream 6) is cemented as a 15% radwaste--45% cementdo% water mixture and 
then drumned ready for shipment to an approved burial ground (Stream 10). 

Cementing reduces the potential 'for long-term leaching by natural waters 

and decreases the diffusion-controlled radon release in the event of drum 

Jr 
Cementing the radwaste can be omitted without affecting the nitric acid 
recovery system. 
and drumming as in Case 3 or calcining to A1203 and Fe2O3 and drumming. 
The calcined waste is chemically more inert than the hydroxide form 
obtained directly by neutralization. I€ the waste is free of sulfate, 
the calcine would also be a suitable form for final disposal. 

Other options for handling the radwaste include drying 
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f a i l u r e .  The average  s p e c i f i c  a c t i v i t i e s  of t h e  s o l i d  radwaste  are lower 

i n  Case 4 than  i n  t h e  ear l ie r  c a s e  s t u d i e s  because of t h e  d i l u t i o n  by t h e  

cement (Table 4.11).  S ince  radwas tes  are handled w e t ,  t h e r e  are no a i r b o r n e  

r a d i o a c t i v e  p a r t i c u l a t e s .  On a d a i l y  b a s i s ,  2 . 3  MT of radwas te  (dry  

s o l i d s  b a s i s ) ,  7.0 MT of cement, and water are mixed t o  produce about  

15 .5  MT of cemented waste. The c o s t  of sh ipp ing  and f i n a l  d i s p o s a l  of t h e  

cemented product  is  n o t  inc luded  i n  t h e  c a s e  s tudy .  

Chemwaste p r e c i p i t a t i o n .  A f t e r  t h e  radwaste  has  been removed, t h e  

l i q u i d  waste i s  t r e a t e d  w i t h  a s t o i c h i o m e t r i c  q u a n t i t y  of l i m e  t o  p r e c i p i -  

ta te  CaS04.2H20, CaF2, and o t h e r  i n s o l u b l e  calcium compounds (Table  4.27 

o r  F ig .  4 .21 ,  S t r e a m  18) .  The o b j e c t i v e  of two-stage p r e c i p i t a t i o n  is  t o  

prevent  most of t h e  s u l f a t e  and f l u o r i d e ,  which are c o r r o s i v e ,  from en te r -  

i n g  t h e  calciner,  y e t  a t  t h e  same t i m e  t o  minimfze t h e  q u a n t i t y  of s o l i d  

radwaste  r e q u i r i n g  f i n a l  d i s p o s a l .  Chemwaste p r e c i p i t a t i o n  is  conducted 

i n  con junc t ion  w i t h  ammonia removal and boildown (d i scussed  l a t e r ) .  The 

hydroxide i o n s  from t h e  l i m e  combine wi th  ammonium i o n s  i n  t h e  s o l u t i o n  

t o  form molecular  ammonia, which i s  v o l a t i l i z e d  by h e a t i n g :  

+ Ca(OH)2 + 2NH4 + SOk2- d CaS01+(s) + 2H20 + 2NH3(g). 

Some problems may be encountered w i t h  scale format ion  i n  t h e  equipment. 

A f t e r  t h e  ammonia has  been removed, t h e  mixture  i s  c e n t r i f u g e d ;  t h e  chem- 

waste s o l i d s  are washed i n  t h e  c e n t r i f u g e  and then  t r a n s p o r t e d  t o ' a  l i n e d  

impoundment nea r  t h e  p l a n t .  

The average  d a i l y  f lows  are p resen ted  i n  Table  4.35. About 900 kg of 

Ca(OH), i s ' a d d e d  as a d i l u t e  s l u r r y  [F ig .  4 . 2 1 ,  S t r eam 12;  150 g of Ca(OH)2 

pe r  l i t e r ]  t o  ensu re  good mixing. The system g e n e r a t e s  an e s t ima ted  2.6 MT 

of chemwaste s o l i d s ,  i n c l u d i n g  excess  Mg(OH)2 from ammonia removal ( d i s -  

cussed l a t e r )  and 10% excess Ca(OH)2 (Table  4 .27) .  Flows w i l l  va ry  from 
* 

day t o  day wi th  t h e  amount of s u l f a t e  impur i ty  i n  t h e  p l a n t  feed .  The 

r e c y c l e  magnesia c o n t a i n s  some s u l f a t e  impur i ty  from s o l v e n t  t r ea tmen t  

waste (d i scussed  l a t e r )  ; t h i s  is  a l s o  removed dur ing  chemwaste p r e c i p i t a -  

t i o n .  The Case 4 system g e n e r a t e s  more CaS04 s o l i d  waste than  do t h e  

* 
It i s  assumed t h a t  a gypsum c o a t i n g  forms on some o f . t h e  Ca(3H)z s o  t h a t  
i t  i s  n o t  a l l  a v a i l a b l e  f o r  use .  
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Case 1 and Case 3 systems because  a l l  s u l f a t e  i s  conve r t ed  to s o l i d s ,  

w h i l e  i n  Cases 1 and 3 t h e  l i q u i d  release carries some s u l f a t e  ( 2 . 1  g/R 

as CaS04). 131 

It i s  d e s i r a b l e  t o  o p e r a t e  t h e  chemwaste p r e c i p i t a t i o n  nea r  t h e  

s t o i c h i o m e t r i c  ca lc ium requ i r emen t s .  I f  t o o  l i t t l e  l i m e  is  added, t h e  

c a l c i n e r  f eed  c o n t a i n s  s u l f a t e ,  more c o r r o s i o n  o c c u r s  i n  t h e  c a l c i n e r ,  

and t h e r e  i s  a l a r g e r  b l eed  of MgSOk w i t h  t h e  sodium and potass ium b l e e d  

(d i scussed  l a t e r )  , t h u s  i n c r e a s i n g  t h e  q u a n t i t y  of s o l u b l e  salts r e q u i r i n g  

d i s p o s a l .  I f  t o o  much l i m e  i s  added, ca lc ium i o n s  d i s p l a c e  magnesium i o n s  

i n  s o l u t i o n  and t h e  c a l c i n e r  f e e d  c o n t a i n s  Ca(N03)2, which w i l l  n o t  den i -  

t r a t e  under Case 4 c o n d i t i o n s .  A s m a l l  excess  of l i m e  can  be  t o l e r a t e d  

s i n c e  t h e  ca lc ium i o n s  w i l l  be p r e c i p i t a t e d  by t h e  s u l f a t e  i n  t h e  s o l v e n t  

t r ea tmen t  waste when S t r eams  1 9  and 27  ( F i g s .  4 . 2 1  and 4 . 2 2 )  are combined. 

An es t ima ted  24 kg of r e s i d u a l  n i t r a t e  p e r  day i s  s t o r e d  i n  t h e  l i n e d  

b a s i n  wi th  t h e  gypsum s o l i d s .  Th i s  estimate i s  based on t h e  f o l l o w i n g  

assumpt ions :  

1. The c e n t r i f u g e  cake  c o n t a i n s  about  35% r e s i d u a l  mo i s tu re .  

2 .  The waste s o l u t i o n  i s  c o n c e n t r a t e d  d u r i n g  ammonia removal t o  

about one-half  i t s  o r i g i n a l  volume [i .e. ,  %1.8% of t h e  

Mg(N03)2 s o l u t i o n  i s  sorbed  on t h e  cake ] .  

3. Ninety p e r c e n t  of t h e  s o l u b l e  n i t r a t e  i s  removed dur ing  

washing on t h e  c e n t r i f u g e .  

There i s  a long-term p o t e n t i a l  f o r  a s m a l l  n i t r a t e  release v ia  seepage  o r  

l e a c h i n g  of t h e  s t o r e d  s o l i d s  i f  t h e  i n t e g r i t y  of t h e  l i n e r  should  f a i l .  

The.mode1 p r e d i c t s  t h a t  t h e  CaS01+*2H20 chemwaste w i l l  c o n t a i n  l e v e l s  

of r a d i o a c t i v e  materials which are b a r e l y  d i s t i n g u i s h a b l e  above t h e  n a t u r a l  

background of t h e  l i m e  (Table  4.11), and t h a t  t h e  waste is  a c c e p t a b l e  f o r  

o n - s i t e  b u r i a l  i n  t h e  impoundment. 

The assumptions used i n  t h e  assessment  are as f o l l o w s :  

Th i s  has  n o t  been t e s t e d  expe r imen ta l ly .  

1. The t r e a t e d  r a f f i n a t e  a f t e r  radwas te  p r e c i p i t a t i o n  c o n t a i n s  

3 ppm uranium. 
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2 .  Barium carbonate treatment removes 99% of the radium; 

magnesia neutralization precipitates 99 .9% of the thorium 

and 90% of the remaining radium. 

3 .  Chemwaste precipitation has no effect (0% removal) on soluble 
radioactive materials. 

4 .  Twenty-four percent of the radioactive materials which pass 

radwaste precipitation and 24% of the materials in the 

solvent treatment waste are recycled to ammonia removal with 

the recycle magnesia as insoluble compounds and are removed 

with the chemwaste solids. 

The case study includes the cost of a lined impoundment, but not that of 

stabilization (i.e., covering the waste with earth) when the facility is 

decommissioned. 

Ammonia removal and recovery. Case 4 is conservatively designed to 

remove the ammonia prior to denitration. This minimizes the potential 

risk of detonationl6O in the calciner and provides for more economical 

recovery of nitric acid from the calciner off-gas. The Idaho Waste 

Calcining Facility has demonstrated that NH4NO3 could be handled safely 

However, it must be pointed out that in a fluidized-bed calciner. 

(1) the quantity of ammonium salts handled was small relative t.0 the 
quantity in UF6 plant wastes; (2) Idaho did not recover nitric acid from 

the off-gas (i.e., dilution by the air used. to fluidize the bed was of no 

concern); and ( 3 )  problems were encountered with ammonia volatilizing 
without decomposing and then recombining with species in the off-gas to 

form solids which accumulated in the off-gas scrubbers and also plugged 

the filters. The presence of ammonium ions in the calciner feed will 

reduce the nitric acid recovery since NH,N03 decomposes to N,O or 

N2 (depending on the conditions), which are stable compounds and do not 
react with water and air in the absorption tower. This is of little 

concern since the value of the recovered acid is small relative to the 

cost of waste treatment. 

80 , 81 
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The NH4N03 s o l u t i o n  is  made b a s i c  and hea ted  t o  v o l a t i l i z e  t h e  

molecular  ammonia (F ig .  4 . 2 1 ,  S t r e a m s  11-14): 

Mg(OH12 + 2NH4' - Mg2+ + 2H20 + 2NH3(g). 

S ince  Mg(OH)2 h a s  a low s o l u b i l i t y  i n  water, t h e  mix tu re  i s  s t i r r e d  t o  

keep t h e  Mg(OH)2 suspended i n  t h e  s o l u t i o n .  Water d i s t i l l s  w i t h  t h e  

ammonia. Th i s  is  a ba tch  o p e r a t i o n  t o  maximize t h e  ammonia removal. 

The ammonia-rich vapor  i s  passed through a demis t e r  t o  remove en- 

t r a i n e d  m i s t  and i s  then  concen t r a t ed  i n  a r e c t i f i e r  t o  a 28 w t  % aqueous 

ammonia s o l u t i o n  (F ig .  4 .21,  Stream 15) .  An o v e r a l l  s e p a r a t i o n  f a c t o r  of 

10,000 i s  g e n e r a l l y  a t t a i n e d  between t h e  condensa te  and t h e  concen t r a t ed  

l i q u o r  f o r  n o n v o l a t i l e  contaminants  t r e a t e d  i n  a s ingle ' s tage  evapora to r .  

Therefore ,  t h e  recovered  ammonia is  expected t o  be  s u i t a b l e  f o r  g e n e r a l  

i n d u s t r i a l  use .  No c o s t  c r e d i t  i s  t aken  f o r  t h e  recovered  ammonia. 

Water withdrawn from t h e  bottom of t h e  r e c t i f i e r  (Stream 16)  is  reused  

w i t h i n  t h e  UF6 p l a n t .  

Ammonia removal i s  conducted i n  con junc t ion  w i t h  c o n c e n t r a t i o n  of t h e  

d e n i t r a t i o n  f eed  and w i t h  chemwaste p r e c i p i t a t i o n .  A f t e r  c e n t r i f u g i n g  t o  

remove t h e  s o l i d s .  t h e  t r e a t e d  l i q u i d  waste (F ig .  4 .21,  S t r eam 19)  is  

p r i m a r i l y  a Mg(N03)2 s o l u t i o n .  

c h l o r i d e  i o n s  and ve ry  low l e v e l s  of r a d i o a c t i v e  materials. 

feed  t o  t h e  n i t r i c  a c i d  recovery  system (d i scussed  l a t e r ) .  

It c o n t a i n s  t r a c e s  of a l k a l i  metal  and 

This  i s  t h e  

Flows p e r  day are p resen ted  i n  Table  4.35 f o r  t h e  codes shown on 

Fig .  4.21. I n  t h e  model, 1 . 4  MT of Mg(OH)2 s l u r r y  (most ly  recycle c a l c i n e )  

is  added t o  remove ammonia and conver t  t h e  waste t o  a Mg(N03)2 system. 

Some of t h e  necessa ry  hydroxide i o n s  w e r e  added when t h e  pH w a s  r a i s e d  t o  

9 du r ing  radwas te  p r e c i p i t a t i o n  and some as Ca(OH)2 t o  supply calcium i o n s  

f o r  chemwaste p r e c i p i t a t i o n .  With 50% boildown an  e s t ima ted  99.8% of t h e  

ammonia i s  removed, l e a v i n g  a s o i u t i o n  c o n t a i n i n g  about  300 g of Mg(N03)2 

p e r  l i t e r .  The model waste t r ea tmen t  f a c i l i t y  r e c o v e r s  1 .5  MT of ammonia 

as a 28  w t  % aqueous s o l u t i o n  s u i t a b l e  f o r  o f f - s i t e  i n d u s t r i a l  u se .  The 

number of p l a t e s  needed i n  t h e  ammonia r e c t i f i e r  w i l l  depend on t h e  NH3 
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* 
concentration that can be tolerated in the recycle water, which is unknown. 

Costs are based on an NH3-N concentration of 20 mg/R in the recycle water 

and five plates in the tower. Development is needed to optimize conditions. 

Charcoal filters. In Case 4 ,  it is possible that organics, for exam- 

ple butyl alcohol or butyric acid,may be present fron the degradation of 

TBP or from impurities in the organic solvent which may distill during 

waste treatment. Over a period of time, these volatile organics might 

accumulate in the recycle water circuit and create difficulties in the 

process or cause an odor problem. Case 4 makes provision for removal of 

these organics by passing a portion of the recycle water through activated- 

carbon filters (Sect. 4 . 3 . 2 . 1 1 ) .  There is uncertainty about both the need 

and the cost of the carbon purification system. 

Solvent treatment system with ammonia and water recycle. The solvent 
treatment system is shown schematically in Fig. 4 . 2 2 .  Stripped organic 

solvent is treated with (NH4)2S04 solution (Stream 21) and Mg(OH)2 slurry 
(Stream 2 2 )  to recover uranium and remove organic degradation products. 
Magnesia is substituted for the NaOH used in Cases 1-3 to keep alkali-metal 

ions out of the waste. 

to the process (Stream 2 4 ) .  

Mg(N03)~ and (NH4)2S04, is washed with hexane to recover TBP. Magnesia 
slurry (Stream 2 6 )  is added, the ammonia removed by volatilization, and 

the waste is concentrated to ~ ~ 3 0 0  g of salt per liter - one-tenth the 
original volume (Stream 2 7 ) .  This is a batch operation. The first cut of 

distillate, which is rich in ammonia (Stream 28), is condensed and reacted 

with H2SO4 (Stream 30) to regenerate the (NH4)2S04 solution. An estimated 
92% of the NH3 

treatment. The remainder of the condensate (Stream 3 1 ) ,  which contains 

an average of 110 mg of NH3-N per liter, is recycled to the Mg(OH)2 wash 

The recovered MgU207 and excess Mg(OH)2 are recycled 

The waste, which is a dilute solution of 

and 25% of the water in the waste are reused in (NH4)2S04 

*In keeping with the other reports in this series, the most advanced case 
study has no liquid radioactive releases. Therefore, the bottoms from 
the ammonia rectifier are recycled as process water. However, if there 
are problems in recycling the water, the bottoms could be released to 
a surface stream. The water carries very small quantities of radio- 
active materials and, with four or five stages of  rectification, is 
expected t o  contain only 20 to 50 mg of NH3-N/R. In comparison, the 
NH3-N content of municipal wastewater generally ranges from 15 to 
50 mg/R.161- 
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and scrub wash. Activated-carbon filters are used to prevent the accumula- 

tion of organic materials in the recycle water circuit. 

The concentrated Mg(N03)2-MgS04 solution (Stream 2 7 )  from solvent 

treatment is combined with the concentrated Mg(N03)2 solution from treat- 

ing the raffinate (Stream 1 9 )  before nitric acid recovery. The amounts of 

sulfate and uranium in Stream 27 are so small that they are not expected 

to cause difficulties in the calciner (discussed later). The sulfate 

provides a small margin of safety if too much lime is inadvertently added 

to the raffinate during chemwaste precipitation. Most of the sulfate will 

be removed with the other chemwaste, and most of the uranium with the other 

radwaste, when the magnesia calcine is recycled to raffinate treatment. 

Treatment of the solvent treatment waste separately avoids dilution of the 

more-concentrated raffinate stream and reduces the water load to the 

ammonia rectifier by almost a factor of 2 .  

recycle calcine) is used in solvent treatment to avoid possible contamina- 

Makeup Mg(OH)2 (e.g., not 

tion of the organic solvent by impurities in the recycle calcine. 

Flows per day are presented in Table 4 . 3 6 .  The system treats 4.5 x 

l o 4  R of waste principally by evaporation, recovering 45 kg of NH 
concentrating 324 kg of nitrate to a suitable feed for nitric acid recovery. 

Magnesia requirements amount to 590 kg, most of which is used in treating 

the organic solvent in place of the NaOH wash used in Cases 1-3 .  There is 

uncertainty in the solvent treatment flows (see Sect. 4 . 4 . 5 . 6 ) .  

and 3 

The magnesia substitution, which is not very expensive, is an essen- 

tial part of the overall Case 4 system since it avoids introducing alkali- 

metal ions into the raffinate waste via the recycle uranium stream 
(Fig. 4 . 2 2 ,  Stream 2 4 ) .  The water and ammonia recovery features of the 

Case 4 system for treating solvent treatment waste are expensive relative 

to the quantity of chemicals and radioactive materials removed from the 

wastewater. 

Concentrating weak acid wastes. In Case 4 ,  both the process itself 

and,the nitric acid recovery system generate dilute nitric acid wastes 

such as evaporator overheads and vacuum pump seal leakage. These wastes 

are neutralized with Mg(0H)Z and concentrated to about 220 g of salts per 



-131- 

liter in a wiped-film evaporator; the concentrated waste is then processed 

with other wastes in the nitric acid recovery system (Fig. 4.23). The 

off-gas is condensed and recycled to the process for use as deionized 

water. 

analogy to UO2(NO3)2, it is thought that the waste can be concentrated to 
200 g (or more) per liter without decomposition (i.e., without HN03 o r  

NO appearing in the off-gas). 

The behavior of Mg(NO3)2 in an evaporator is not known. By 

X 

For purposes of illustrating the waste treatment method, flows are 

presented in Table 4.37 based on the arbitrary assumption that the weak 

acid wastes contain 4% of the nitrate values obtained when UO2(NO3)2 and 
the raffinate are denitrated. 

as in Cases 1-3; flows from the raffinate nitrate recovery system are 

assumed to be half the overheads from second-stage boildown minus the 

dilute acid used in the NO absorber. The system handles 5.9 x lo4 R 
of dilute acid containing 1.3 MT of nitrate per day. Chemical require- 

ments are 0.6 MT of Mg(OH)2, most of which is recycle magnesia. 

is uncertainty in these estimates. 

Liquid flows of process wastes are the same 

X 

There 

The Case 4 system for concentrating the weak acid wastes requires a 
relatively large amount of energy to evaporate water compared with the 

quantity of chemicals and radioactive materials recovered or removed from 

the wastewater. 
* 

Waste denitration. Magnesium nitrate is similar to U02(N03)2 in 

that it exists as a stable hexahydrate which melts or fuses in its water 

of crystallization at relatively low temperatures (56 to 60°C for Mg(N03)2* 

6H2075'162 compared with 60°C for UO2 (N03)2*6H20 163) and can be denitrated 

"To be consistent with the other reports in this series, an evaporator 
is used to dispose of water in Case 4 and the nitrate is recovered. Some 
cost savings would be realized if wastes such as evaporator overheads, 
which contain negligible quantities of radioactive materials and only low 
levels of nitrate, were neutralized and released to a surface stream. 
For the model plant, the chemical release would be about 290 kg of 
NO;-N per day. Release to a 150-cfs stream (4-m3/sec) would increase 
the NO~-N level in the stream by 0.8 mg/R, compared with the 40 CFR 141 
drinking water standard of 10 mg/R maximum.130 This would have a rela- 
tively small effect on the receiving stream. Release to a 15-cfs 
(0. 4-m3/sec) stream would be marginally acceptable. 



-132- 

at relatively low temperatures [Sbmewhere in the range 310 to 450°C for 

Mg(N03)2*6H20 75y76 vs 300°C for b02(N03)2*6H20163]. 
Mg(N03)2 could be denitrated in equipment similar to that which has been 

used to denitrate UO2(NO3)2 on a production scale for a number of 
years. 3y103y lo4 

this method offers advantages in that nitric acid recovery from the off- 

gas is economical and the UFg plant operator is familiar with the 

equipment. 

It appears that 

Assuming that the necessary modifications can be made, 

The system is shown schematically in Fig. 4.24. The estimated compo- 

sition of the feed is given in Table 4.38; flows for the codes shown on 

Fig. 4.24 are presented in Table 4.39 .  

The three Mg(NO3)2 waste streams - Stream 19 from the raffinate, 
Stream 27 from solvent treatment, and Stream 36 from weak acids - are 
combined and boiled down to the approximate composition of Mg(NO3)2=6H20 

(Stream 38). For purposes of estimating flows, it is assumed that the 

molten salt contains 3.2 moles of H20 per mole of nitrate. Hold tanks 

and transfer lines for the molten salt are jacketed with low-pressure 

steam to maintain pressures above the freezing point. 

In the model, a continuous mechanically stirred-bed calciner with a 

bed temperature of 350 to 450°C is used to denitrate the Mg(N03)2*6H20. 

The main components are a heated feed transfer system, a trough with 

electrically heated walls and a horizontal rotating agitator to keep the 

powder bed thoroughly mixed, a MgO hopper, and an off-gas system. 

Molten Mg(N03)2*6H20 is fed to the reactor through three rotameters, 

each of which serves an individual feed pipe extending vertically from 

the top of the trough to within about 7.6 cm ( 3  in.) of the bottom. 

feed pipes are steam jacketed throughout their entire length. 

couples which extend vertically into the bed at points just opposite the 

feed points are used to control valves on the individual feed pipes. 

The stirred-trough calciner functions essentially as a mechanically 

fluidized bed, and it produces a dense, spheroid calcine which generates 

little dust. The MgO made in the trough (Fig. 4 . 2 4 ,  Stream 3 9 )  overflows 

These 

Thermo- 

through an adjustable weir into a collection bin below the reactor, where 
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it is continuously picked up and conveyed pneumatically to the MgO 

recovery system. Operating pressure is maintained slightly below atmo- 

spheric so that air flows into the system and nitrogen oxides do not 

escape. 

No operational data for calcining Mg(N03)2 were available. In thermo- 

balance studies, Wendlandt reported that Mg(N03)2*6H20 first lost water, 

and then lost oxides of nitrogen rapidly above 310"C, with the MgO level 

at 455°C.75 

first decomposed in such a way as to generate nitric acid vapors, with 

slight NO2 fumes at 321°C and vigorous NO2 fumes at 430°C. 76 Based on 

these studies; the bed temperature for calcining Mg(N03)2 is estimated 

as somewhere in the range 350 to 45OoC, which is higher than the 300°C bed 

temperature used to denitrate UO2(NO3)2. 163 
tested with UO2(NO3)2 at temperatures up to 450°C. lo4 

fer was experienced at temperatures above 350°C. 

determine the chemistry and optimum conditions for denitration, as well 

as engineering development of equipment, is needed before this method is 

Gordon and Campbell reported that the liquid hydrated nitrate 

The stirred-bed calciner was 

Erratic heat trans- 

Basic research to 

ready for industrial use. 

Sodium nitrate (mp, 304°C) and potassium nitrate (mp, 332"C), which 
76 are present as impurities, do not denitrate under these conditions. 

For the model Case 4 flows, there will be a ~ 2 %  nitrate loss as undecom- 

posed NaN03 and KN03 in the calcine. 
*,** 

The alkali-metal nitrate will 

probably be molten in the calciner and, if allowed to accumulate in the 
recycle magnesia, would cause problems with calcining and corrosion. If 
too much lime is inadvertently added during chemwaste precipitation, the 

calcium nitrate impurity (decomposition temperature, ~600°C) would not 

denitrate. This would increase the nitrate losses but would not cause 

difficulties in the calciner since the melting point of Ca(N03)2 is 550OC. 

Calcium ions will not accumulate in the recycle magnesia circuit since 

they are precipitated by the sulfate in the incoming feed. 

*If desired, the sodium nitrate could be decomposed by calcining at 750°C. 
However, it would probably be simpler and more effective to treat the 
NaN03-KN03 bleed from MgO recovery (discussed later). 

Therefore, it seems unlikely that sulfate could be used to complex the 
sodium ions during calcining, thus decreasing the nitrate loss to the 
calcine. 

**Magnesium sulfate precipitates in preference to Na2S04 in this system. 164 
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The waste denitrator is designed for a daily flow of 17 MT of 

Mg(N03)2 and 1.4 MT of salts which do not denitrate. 

Waste denitration off-gas treatment and nitric acid recovery 

(Fig. 4.24). Off-gases from the second-stage Mg(NO?)? boildown are 

condensed (Stream 37). In the absence of data, it is assumed by analogy 

t o  the boildown of U02(N03)2 that half the condensate can be recycled to 
the process as deionized water while the other half is contaminated with 

a small amount of HNO3 and is discarded as weak acid waste (except for a 

portion used in the NO absorption tower). 

(see Fig. 4.23 and earlier discussion) in Case 4. The case study includes 

charcoal filters to remove organics which might accumulate in the recycle 

water circuit. Both the need and the cost of the charcoal filters are 

uncertain. 

All weak acid waste is treated 
X 

Fumes from the waste denitrator are passed through a baffle-type wet 

1 which remove HN03 and water vapors (Stream 40); 
condensate serves as the scrub liquor. The NO tail gases (Stream 41) are 
drawn off by compressors to a 20-plate absorption tower fed with condensate 

from the boildown. 

quantity is not known. 

method, it is arbitrarily assumed that 30% of the nitrate values in the 

off-gas are collected as HNO3 in the scrubber. This corresponds to 

~ 2 4  wt % HN03 in Stream 40. 
in a 12-plate fractionating tower, purified by ozone treatment to remove 

chloride (discussed later), and recycled to digestion (Stream 50). Over- 

X 

The off-gas will contain some HN03 vapors, but the 

For purposes of illustrating the waste treatment 

The acid is concentrated to at least 40% HNO, 

. 
‘heads from the rectifier (Stream 51) containing an estimated 1200 ppm HNO3 

( 5 3  kg/day) are diluted with treated waste from the fluorine cell scrubber 
and released to a surface stream. The combined plant effluent meets the 

. 4 0  CFR 141 drinking water standard of 10 mg/R maximum for NO;-N. 

\ 

There 

is also a small NO release to the atmosphere from the absorption tower 

(Stream 45). 
X 

The Case 4 waste treatment system recovers 13.5 MT of 45% HNO3 acid 

from the waste suitable for recycle to digestion. This is in addition to 

6.0 MT of 45% HNO3 and 10.6 MT of 40% HNO3 recovered from the denitration 

of UO2(NO3)2 to UO3. In Case 4, it is necessary to recover acid containing 
.- ,. 
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at least 40% HN03 from both the UO2(NO3)2 denitration (Sect. 4.4.5.8) 
and the waste denitration because little makeup 60% HNO3 is added. This 

is in contrast to Cases 1-3, where 30 to 32% HNO3 is withdrawn from the 

NO 

concentration to 40%. 

the model plant has the capability of recovering more concentrated acid 

since >40% acid is sometimes needed with feeds such as high-fired U02, 

which are difficult to dissolve. The flows in Table 4.39 are for a 45% 

HNO3 product. Case 4 costs are based on one large NO absorber for the 

refinery with a cost credit for the smaller absorber used in Cases 1-3. 

Note that Table 4.39 includes the NOx from the denitration of UO2(NO3)2 

(Fig. 4.24, Stream 42) but not the 10.6 MT of HNO3 vapor in the UO2(NO3)2 
denitration off-gas, which is recovered by a scrubber-condenser as 40% 

acid suitable for direct recycle as described in Sect. 4.4.5.8. 

absorption tower and makeup 60% HNO3 is used to increase the acid 

Although 40% acid would normally be recovered, 
X 

X 

The Fernald refinery encountered problems with severe corrosion in 

a stainless steel, bubble-cap fractionator operated at atmospheric pres- 

sure on boiling nitric acid containing traces of chloride impurity. 

An aggressive preventive maintenance program, including shutdown at 

5- to 6-week intervals for internal inspection and repair was necessary. 
It is not feasible to use titanium as a material of construction because 

of problems in meeting the titanium specification on the UFg product. 

Development work on the design of the rectifier is needed before recovery 

of nitric acid from raffinate waste would be practical on a commercial 

scale. Vacuum operation to reduce corrosion by lowering the temperature 
appears to be feasible.47 

corrosion is also needed. It is also possible that the chemistry of the 

Mg(N03)2*6H20 decomposition might be essentially the same as the decompo- 

sition of UO2(NO3)2. 

suitable for direct recycle, rather than the 24% HNO3 assumed in the model, 

could be recovered from the waste denitrator off-gas by the scrubber- 

condenser (Stream 40); thus the HNO3 acid fractionator would be unnecessary. 

47 

22 

Redesign of the trays to be more tolerant of 

If this should prove to be the case, 40% HNO3 

Fluoride control. Uranium refinery wastes contain a small amount of 

fluoride, which is highly corrosive in boiling nitric acid. Most of it 

is removed as CaF2 during chemwaste precipitation (discussed previously); 
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a n  Al(N03)3 t r a p  is  a l s o  provided  t o  complex f l u o r i d e  and p reven t  i t  from 

v o l a t i l i z i n g  i p t o  t h e  r e c t i f i e r .  

a t  t h e  DOE Y-12 P l a n t .  

The Al(N03)3 t r a p  h a s  been e f f e c t i v e  

Ch lo r ide  removal. 4 7 y 4 8  The r a f f i n a t e  waste c o n t a i n s  a s m a l l  b u t  

s i g n i f i c a n t  q u a n t i t y  of c h l o r i d e ,  which i s  h i g h l y  c o r r o s i v e  i n  b o i l i n g  

n i t r i c  a c i d .  Most of t h e  c h l o r i d e  v o l a t i l i z e s  d u r i n g  c a l c i n i n g ,  i s  

c o l l e c t e d  by t h e  scrubber -condenser ,  and p a s s e s  t o  t h e  rect i€ier  (Stream 40). 

An es t ima ted  8% p a s s e s  through t h e  scrubber-condenser t o  t h e  NOx a b s o r p t i o n  

tower. I f  t h e  c h l o r i d e  i s  n o t  removed, most of i t  w i l l  b e  withdrawn from 

t h e  r e c t i f i e r  ( o r  a b s o r p t i o n  tower) w i t h  t h e  40 t o  45% HNO3 product and 

t h u s  accumulate i n  t h e  r e c y c l e  a c i d  c i r c u i t .  The c h l o r i d e  t ends  t o  b e  

absorbed i n  t h e  upper p a r t  of t h e  f r a c t i o n a t o r ,  where t h e  a c i d  concent ra -  

t i o n  is  low, and t o  be  e x p e l l e d  from t h e  lower p a r t ,  where t h e  a c i d  concen- 

t r a t i o n  is  h igh .  Th i s  causes  a h i g h  i n t e r n a l  r e c y c l e  d u r i n g  which c h l o r i d e  

accumulates i n  t h e  middle t r a y s  of t h e  f r a c t i o n a t o r  ( o r  a b s o r p t i o n  tower) 

a t  t h e  15 t o  20% HN03 zone and i s  p o t e n t i a l l y  v e r y  c o r r o s i v e .  

The c h l o r i d e  impur i ty  is  removed w i t h  a 1% o z o n e a i r  s p a r g e  by 

o x i d i z i n g  t h e  c h l o r i d e  i o n s  t o  f r e e  c h l o r i n e  gas w i t h  ozone: 

2H' + 2C1-  + 0 3  -+ 0 2  + H 2 0  + C 1 2  

and t h e n  s t r i p p i n g  t h e  C 1 2  gas  from t h e  s o l u t i o n  w i t h  a i r .  A t  a gas  f low 

of 0.37 m3 min-l m-2 (1 .2  c f m  per f t 2  of t ank  a r e a )  , t h e  rate of c h l o r i d e  

removal from 20% HNO3 i n  a 2.1-m ( 7 - f t )  a c i d  depth  is  about  60 ppm p e r  

hour a t  70°C and c h l o r i d e  c o n c e n t r a t i o n s  of 2200 ppm i n  t h e  a c i d . 4 7  

des ign  purposes ,  a rate of 50 ppm p e r  hour w a s  assumed. 

c h l o r i d e  removal d e c r e a s e s  s i g n i f i c a n t l y  a t  c h l o r i d e  c o n c e n t r a t i o n s  below 

200 ppm. ABout 75% of t h e  ozone is  consumed through o x i d a t i o n  of c h l o r i d e ,  

ozone decomposition, and p o s s i b l e  s i d e  r e a c t i o n s .  

For 

The ra te  of 

For t h e  model SX-F UF6 p l a n t ,  t h e  e s t ima ted  c h l o r i d e  c o n c e n t r a t i o n  i n  

t h e  condensa te  from t h e  waste d e n i t r a t o r  (Fig.  4 .24 ,  S t r e a m  40) exceeds 

t h e  0.05% (500-ppm) l e v e l  cons ide red  " t o l e r a b l e "  i n  t h e  d e s i g n  of t h e  

Ferna ld  f r a c t i o n a t o r .  48 T h e r e f o r e ,  ozone t r ea tmen t  i s  a p p l i e d  t o  t h e  

r e c t i f i e r  feed (Stream 47) as w e l l  as t o  a b l e e d  stream from t h e  r e c t i f i e r  
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* 
(Stream 52). 
tower (Stream 46, an estimated 8% of the chloride) is combined with the 

main chloride stream and treated with it. The first ozone sparge treat- 
ment lowers the chloride concentration of the rectifier feed from ~840 ppm 
to 200 ppm. 
ozoneair mixture and a 13-hr detection period in a heated, insulated tank 

are required. 
120% of the average load [e.g., 28 kg (62 lb) of chloride in the feed and 

54.4 kg (120 lb) of ozone per day with a 16-hr detection time in the first 
sparge tank]. In the second ozone sparge treatment, acid is withdrawn from 

a high-chloride plate in the tower at ~ 3 5 0  ppm chloride [Stream 52; 23 !2 

(6 gal)/min] , is cooled to 7OoC, sparged with an ozone-air mixture in a 

heated insulated tank to lower the chloride content to about 200 ppm, 

heated, and returned to the next lower plate in the fractionator. Require- 

ments are ~13.6 kg (30 lb) of ozone per day and a detention time of 3 hr 

in the sparge tank. It is assumed that the ozone generators are adjustable 

and that the ozone content of the off-gas is 0.25%. 

release is 14.2 kg (31 lb) per day. In the model, this is diluted with 

building ventilation exhaust before it is released to the atmosphere. 

Demisters are used to remove entrained acid. The estimated release of 

HNO3 vapor is 6 kg/day (4.4 kg calculated as NO ) when the sparge is applied 

to 20% HNO3. 

The much smaller chloride bleed from the NO absorption 
X 

On the average, 43.1 kg (95 lb) of ozone per day as a 1 wt % 

Costs are estimated for a system with the capacity to handle 

The estimated ozone 

** 

X 

Magnesia recovery. The calcine is ground to a fine powder and slaked 
to recover the Mg(OH)2 (Fig. 4.25). Part of the magnesia slurry is recycled 

*If a more corrosion-resistant rectifier is developed, treatment of the 
rectifier feed could be omitted and all the chloride could be removed 
when the rectifier bleed is treated. 

There is a potential for an unacceptable ozone level in the immediate 
vicinity of the vent. For example, if the ozone release is diluted 
with 60,000 cfm of building air exhaust, the ozone level in the 
effluent before atmosphere dilution is ~6 ppm. Health effects have 
been reported to occur in the range of 0.15 to 0.20 ppm 
If desired, the excess ozone could probably be destroyed by bubbling 
the off-gas from chloride removal through the sanitary wzstes, or the 
ozone might be released through a stack. 

6 ** 
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d i r e c t l y  t o  waste t r e a t m e n t  ( S t r e a m  56) ,  and p a r t  is  water-leached t o  

remove t h e  sodium and potass ium i m p u r i t i e s  (S t ream 5 7 ) .  Magnesium s u l f a t e  

(from s o l v e n t  t r e a t m e n t )  a l s o  d i s s o l v e s .  A f t e r  l e a c h i n g ,  t h e  mixture  i s  

c e n t r i f u g e d  t o  r ecove r  t h e  Mg(OH)2, w h i c h . i s  i n s o l u b l e ;  t h e  cake i s  washed 

i n  t h e  c e n t r i f u g e ;  and t h e  p u r i f i e d  Mg(OH)2 i s  r e c y c l e d  as a s l u r r y  t o  

waste t r ea tmen t  (Stream 60).  The l e a c h  s o l u t i o n  c o n t a i n i n g  t h e  water- 

s o l u b l e  s a l t s ,  i n c l u d i n g  250 kg p e r  day of n i t r a t e ,  is  evapora ted  t o  dry- 

n e s s ,  and t h e  sa l ts  are packaged i n  polye thylene- l ined  drums (Stream 6 3 ) .  

The sa l t  waste i s  expec ted  t o  c o n t a i n  very  low l e v e l s  of r a d i o a c t i v e  m a t e -  

r ia ls ,  b u t  s p e c i a l  ( i . e . ,  d r y )  s t o r a g e  w i l l  be r e q u i r e d  t o  i s o l a t e  t h e  

n i t r a t e .  
*,** 

Condensate from t h e  evapora to r  i s  reused  i n  s l a k i n g ( S t r e a m  61) .  

There i s  u n c e r t a i n t y  bo th  i n  t h e  levels of sodium and potass ium salts 

which can b e  t o l e r a t e d  i n  t h e  r e c y c l e  magnesia and i n  t h e  ease of l e a c h i n g  

t o  remove them. 

f o r  i n d u s t r i a l  use.  Flows are p r e s e n t e d  i n  Table 4 . 4 0 ,  assuming t h a t  two- 

t h i r d s  of t h e  c a l c i n e  is r e c y c l e d  d i r e c t l y  and one- th i rd  i s  p u r i f i e d  b e f o r e  

r e c y c l e .  On a d a i l y  b a s i s ,  t h e  s l a k i n g  equipment hand les  6 MT of c a l c i n e  

( 4 . 7  MT of MgO); t h e  p u r i f i c a t i o n  sys tem is des igned  f o r  2.7 MT of s l a k e d  

c a l c i n e ,  l e a c h e s  t h e  mix tu re  f o r  1 h r  a t  80°C, evapora t e s  770 R of water, 

and g e n e r a t e s  440 kg of s o l i d  chemwaste sa l ts  p e r  day . t  

chemical composition of t h e  waste i s  g iven  i n  Table  4 . 2 7 .  

Development work i s  needed b e f o r e  t h i s  sys tem is  ready  

The e s t ima ted  

The magnesia recovery  system hand les  on ly  low levels  of r a d i o a c t i v e  

materials. The primary bag f i l t e r s  f o r  d u s t  c o n t r o l  on t h e  hand l ing  

systems f o r  magnesia and f o r  t h e  d r i e d  chemwaste sa l ts  are cons ide red  t o  

be  a p a r t  of t h e  b a s i c  l i q u i d  n i t r a t e  waste t r e a t m e n t  c o s t .  

needed t o  c o n t r o l  e'xposure t o  chemicals .  

They are 

Because t h i s  i s  a Case 4 s t u d y ,  

*The s t o r e d  salts are a p o t e n t i a l  sou rce  of n i t r a t e  i f  t h e  wastes should 
c o n t a c t  water. 

t i l l  o f f  and r ecove r  t h e  HNO3, l e a v i n g  a r e l a t i v e l y  innocuous r e s i d u e  
of Na2S04, K2S04, and MgS04. Th i s  o p t i o n  w a s  n o t  cos t ed .  

t I n  t h e  model, t h e  chemwaste s a l t s  i n c l u d e  70 kg of MgS04. Th i s  quan- 
t i t y  might be  reduced by app ly ing  l i m e  t r ea tmen t  t o  t h e  s o l v e n t  
t r ea tmen t  waste; however, some s u l f a t e  impur i ty  i n  t h e  MgO c a l c i n e  
may be  d e s i r a b l e  t o  improve " r e a c t i v i t y "  by analogy t o  t h e  s u l f a t e  
impur i ty  t h a t  is  d e l i b e r a t e l y  added t o  U03 ( S e c t ,  4 - 4 . 5 . 7 ) .  

**Another o p t i o n  would be t o  treat t h e  n i t r a t e  sa l ts  w i t h  H2S04 and d i s -  
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a secondary bag filter is provided for Stream 65; however, it is not 

really necessary. 

Source terms for the airborne release of radioactive materials from waste 

handling, principally from magnesia recovery, are given in Table 4.6d. 
Although calcined U03 and Tho2 are not expected to dissolve appreciably 

in the weakly basic leach solution, traces of radium might be solubilized. 

The specific activity of the chemwaste salt was conservatively estimated 

in Table 4.11, assuming that 0.005% of the magnesia solids undergoing 
leaching is carried over as fines (this corresponds to 1300 ppm solids 

suspended in the centrate, which is unlikely), and that magnesium serves 

as a carrier for radium just as calcium and barium serve as a carrier for 

radium (e.g., since 1.3% of the magnesium in the calcine being leached 

dissolves as MgS04, 1 . 3 %  of the radium also dissolves). 

dicts that the level of radioactive materials in the chemwaste salt will 

be barely distinguishable above the natural background of the chemicals. 

* 
No HEPA filters are included on the chemwaste streams. 

The model pre- 

4.4.12 Treatment of liquid fluoride wastes from off-gas scrubbers 

The wet scrubbers used to remove HF, F2, and UF6 from off-gases gener- 

ate liquid chemical wastes containing fluoride. The origin of these wastes 

is discussed in Sect. 4.4.7 (hydrofluorination), Sect. 4.4.8 (fluorination), 
and Sect. 4.4.9 (fluorine production). The hydrofluorination off-gas scrub 

liquor contains only very small traces of radioactive particulates which 

have passed the porous carbon filters and HF condensers. Case 1 is shown 

as an example in Table 4.29; the efficiencies of the off-gas treatment are 
given in Table 4.8. The fluorine cell off-gas scrub liquor has never been 

in contact with radioactive materials and contains only natural background 
levels of activity. The fluorination off-gas scrub liquor, as generated, 

contains a small amount of uranium from the UF6 gas which was not removed by 

the condensers; however, only very small quantities of particulates 

containing 230Th and 226Ra pass the filters. After treatment to recover 

* 
With primary and secondary bag filters, the maximum annual individual 
total-body dose from handling magnesia at the midwestern site is esti- 
mated as 1.9 x mrem (Sect. 7, Table 7.4d, Case 4). Without .the 
secondary bag filter, the dose would be about seven times higher, or 
1.4 x mrem. (still a very low dose). 



-140- 

uranium, the fluorination waste liquor contains an estimated 30 ppm 

uranium (Sect.' 4.4.8.5). The assumptions for estimating the quantities 

of radioactive materials in the liquid fluoride wastes are given in 

Sects. 4.4.7.2 and 4.4.8.4. 

SX-F Case 1, treatment of liquid fluoride wastes. In Case 1, the 
liquid fluoride wastes are combined with lime-treated wastes from solvent 

extraction (Sect. 4.4.11.4). The calcium ions in the other wastes pre- 

cipitate most of the fluoride as CaF2 (1.7 MT/day) and also neutralize 

the acid in the water scrub liquors (Fig. 4.26, Table 4.29). The slurry 

is allowed to settle in a lined basin with a liquid detention time of 

14 days, the CaF2 is impounded, and the clear supernate is released. The 

effluent carries an estimated 3 ppm uraniumY6' 100 ppm fluoride, and 
1.4 MT/day of potassium ions which originate in the fluoride wastes, as 
well as chemicals that originate in the solvent extractiotl wastes. Some 

uranium is removed by CaF2 precipitation. 

in the solids was estimated by assuming that these two radionuclides are 

present in the fluoride wastes as fine particulates which are coagulated 

and iremoved during CaF2 precipitation, and that the solids settle with 

35 wt % liquid which has the same composition as the liquid effluent. 

The quantity of 230Th and 226Ra 

The radioactive content of the CaF, waste is given in Table 4.11. The 

solids contain a little more activity in Case 1 than in the later case 

studies where fluoride wastes are kept completely separate from solvent 

extraction wastes (Table 4.11). 
Case 1 since it depends on the presence of calcium ions in other plant 
wastes. 

This treatment method is specific t o  

SX-F Cases 2 and 3 treatment of liquid fluoride wastes. About 71,000 R 

of water scrub liquors from hydrofluorination and fluorine prcduction, 

bearing 320 k.g of fluoride as HF and 0 . 3  g of uranium, is treated daily 
with lime to precipitate CaF2 (Fig. 4.27; Table 4.41): 

CaO + H20 --? Ca(OH)2, 

Ca(OH)2 + 2HF -+ CaF2 + 2H20. 

The CaFZ is allowed to settle in a lined impoundment basin. The clear 

supernate is diluted with other plant wastes, neutralized, sampled for 
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a c t i v i t y ,  and r e l e a s e d  t o  a s u r f a c e  stream. The l i m e  requi rement ,  in-  

c lud ing  10% excess  C a O ,  is  510 kglday.  

assuming t h a t  t h e  e f f l u e n t  c o n t a i n s  25 ppm f l u o r i d e .  Source terms f o r  

t h e  l i q u i d  radwas te  release are  p resen ted  ip. Table  4 .9 ,  assuming t h a t  10% 

of t h e  r a d i o a c t i v e  materials are r e l e a s e d  and t h a t  t h e  remainder  are c a r r i e d  

by t h e  CaF2 p r e c i p i t a t e .  

c a l c u l a t e d  f o r  a 30-day holdup i n  t h e  b a s i n .  

been s e p a r a t e d  from t h e  234Th dur ing  p rocess ing ,  t h i s  a l lows  some growth 

of 234Th and a s s o c i a t e d  234mPa. 

of 650 kg of CaF2, 60 kg of excess  Ca(OH)2, and ~ 2 5 0  kg of water which 

set t les  w i t h  t h e  mois t  s o l i d s .  

The f l u o r i d e  release is  2 kg/day, 

The 234Th and 234mPa i n  t h e  l i q u i d  e f f l u e n t  a r e  

S ince  t h e  2 3 8 U  p a r e n t  had 

The s o l i d  waste gene ra t ed  d a i l y  c o n s i s t s  

Spent  KOH s c r u b  l i q u o r  is r egene ra t ed  and r ecyc led  t o  t h e  p rocess  by 

p r e c i p i t a t i n g  f l u o r i d e  wi th  l i m e  (F ig .  4 .28) .  On a d a i l y  b a s i s ,  %20,000 R 
of s p e n t  s c rub  l i q u o r  c a r r y i n g  540 kg of f l u o r i d e  as KF, 5 0  kg of ca rbona te ,  

and 570 g of uranium (30 ppm) i s  t r e a t e d  w i t h  920 kg of C a O  (Table  4 .41) .  

Most of t h e  was te  i s  gene ra t ed  by t h e  f l u o r i n a t i o n  sc rubbe r s .  

is f i l t e r e d  t o  produce a c l e a n  KOH f o r  r e c y c l e .  The f i l t e r  cake i s s l u r r i e d  

w i t h  water sc rub  l i q u o r  and pumped t o  t h e  l i n e d  impoundment b a s i n .  

s o l i d  waste ( i . e . ,  mois t  f i l t e r  cake)  gene ra t ed  d a i l y  c o n s i s t s  of 1100 kg 

of CaF2, 110 kg of Ca(OH)2 (10% e x c e s s ) ,  90 kg of C a C 0 3 ,  “;“d %450 kg of 

10% KOH s o l u t i o n .  

s o l i d s .  

ca rbona te  complex and carr ies  f i n e  suspended s o l i d s  w i t h  t h e  CaF2 p r e c i p i -  

ta te .  The case s tudy  assumes t h a t  most of t h e  water vapor  f rom’ the  hydro- 

f l u o r i n a t i o n  r e a c t i o n  and from buyning t h e  H2 i n  t h e  f l u o r i n e  c e l l  of f -gas  

i s  condensed i n  t h e  water s c r u b b e r s ,  and t h a t  t h e  on ly  l iqui!  b l eed  from 

t h e  KOH c i r c u i t  i s  i n  con junc t ion  w i t h  t h e  mois t  f i l t e r  cake.  

n a t e s  t h e  d i r e c t  l i q u i d  release of KOH s c r u b  s o l u t i o n .  Although most of 

t h e  KOH i s  r ecyc led  t o  t h e  p rocess ,  t h e  l i q u i d  b l eed ‘  a s s o c i a t e d  w i t h  t h e  

mois t  f i l t e r  cake mixes w i t h  o t h e r  l i q u i d  e f f l u e n t  i n  t h e  CaF2 impoundment 

b a s i n  and i s  p o t e n t i a l l y  r e l e a s e d  t o  s u r f a c e  streams. Source t e r m s  f o r  t h e  

The mix tu re  

The 

Most of t h e  r a d i o a c t i v e  materials are found i n  t h e  

L i m e  t r ea tmen t  p r e c i p i t a t e s  uranium by b reak ing  t h e  s o l u b l e  tri- 

. .  
This  e l i m i -  

1 .  

b leed  are es t ima ted  i n  Table  4 : 9 ,  assuming t h a t  (1) t h e  KOH s o l u t i o n  con- 

t a i n s  3 ppm uranium, ( 2 )  90% of t h e  r a d i o a c t i v e  materials are l i m e -  

p r e c i p i t a t e d ,  and ( 3 )  2.3% of t h e  KOH s o l u t i o n  i s  r e l e a s e d .  I 
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The case studies include the cost of the lined impoundment basin for 

storing the CaF? but not of decommissioning the plant; however, no technical 

difficulties are anticipated in disposal by on-site burial. If the radio- 

active impurities naturally present in the lime and KOH are ignored, the 

calculated uranium content of the CaF2 is about 280 ppm, or 100 times 

higher than the average uranium content of the earth's crust. 

and 226Ra concentrations are negligible (Table 4.11). 
and the fluorides and oxides of most of the radioactive and chemical 

contaminants are only slightly soluble; therefore, long-term leaching will 

be very slow. 

The 230Th 

Calcium fluoride 

SX-F Case 4, treatment of liquid fluoride wastes. Case 4 includes 
several process changes which reduce the fluoride load to liquid waste 

treatment. These changes are as follows: 

1. The water venturi scrubber on the hydrofluorination off-gas 

in Cases 2 and 3 is replaced with a brine-cooled condenser, 

which increases the aqueous HF recovery from 90% to 99% 

(Sect. 4.4.7.2) . 
load to liquid waste treatment from hydrofluorination by a 

factor of 10. 

This modification reduces the fluoride 

2. The primary fluorination tower operates with 10% excess 

fluorine rather than the 40% assumed in Cases 1-3 
(Sect. 4.4.8.3). The 27% efficient HF condensers on the 
fluoride feed are replaced with 65% efficient condensers, 

and the 90% efficient F2 cleanup tower is replaced with a 

95% efficient F2 cleanup fluid-bed reactor (Sects. 4.4.8.3 

and 4.4.8.7). In addition, a 97.5% efficient UFg cleanup 

reactor is added (Sect. 4.4.8.3). These process changes 

reduce the fluoride load to the wet scrubbing system by a 

factor of 3, and the uranium load by a factor of 60 

(Sects. 4.4.8.3 and 4.4.8.7). 

3. The fluoride scrubber waste from the fluorine cells is 

reduced by a factor of 2 by substituting more efficient, 

-84°C condensers (65% efficient vs 27%) and improving the 

fluorine utilization (99.5% vs 96%, Sects, 4.4.8.3 and4.4 #9.2). 

This technology is not presently available to the industry, 
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In Case 4, the only water scrub liquor is from the fluorine cells. 

On a daily basis, 54,000 R carrying 76 kg of fluoride as HF is treated 
with 120 kg of CaO and pumped to a separate impoundment basin where the 

solids settle (Table 4.41). Clear supernate is released to a surface 

stream. The effluent is low in chemwaste (1.4 kg of fluoride per day) 
and carries no radioactive materials; it contains water condensed from 

the process and is surplus to the water balance in the plant. In Case 4, 

the fluorine cell water scrub stream, which is released, must be kept 

completely separate from all other CaF2 streams. If mixed with filter 

cakes from other streams, it might potentially carry noxious materials 

from the filter cake liquid bleeds. 

Spent KOH solution is regenerated with lime and recycled to the 

scrubbers. The system is similar to Cases 2 and 3, except that the fluoride 

load has been reduced by a factor of about 3 (Table 4.41). Solids are moved 

to a lined disposal pit with no liquid release from the pit. The daily 

load to the treatment system is about 6200 R of solution carrying 173 kg 

of fluoride and 174 g of uranium. 

The resulting moist filter cake consists of 360 kg of CaF2, 13 kg of CaC03, 
35 kg of Ca(OH)2,and $140 kg of 10% KOH solution. 

tion in the CaF, waste is $430 ppm; the 230Th and 226Ra concentrations are 

barely distinguishable from the natural background of the lime (Table'4.11). 

The lime requirement is 290 kg/day. 

The uranium concentra- 

4.4.13 fl 
The liquid waste treatment methods are outlined in Table 1.1 and 

Figs. 4.29-4.32. The origins of the wastes and application of the treat- 
ment methods to the individual streams are discussed in the preceding 

sections. Information concerning the liquid chemwaste-radwaste effluents 

and the solid chemwaste-radwaste generated by the liquid treatment methods 

is summarized in Tables 4.9-4.11. 

SX-F Case 1, liquid waste treatment. On a daily basis, 164,000 R of 

solvent extraction wastes receive minimum treatment - BaC03 f o r  radium 

control and lime neutralization to precipitate radioactive materials 

(Fig. 4.29). These wastes are then mixed with 90,000 R of fluoride-bearing 

scrub liquors. The calcium ions in the treated solvent extraction waste 
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p r e c i p i t a t e  t h e  f l u o r i d e  as CaF2, which i s  al lowed t o  se t t le .  

of removing f l u o r i d e  i s  l i m i t e d  t o  Case 1 s i n c e  i t  depends on a " f r ee"  

sou rce  of ca l c ium i o n s .  The combined wastes are d i l u t e d  by a f a c t o r  of 

1~1.3 t o  meet t h e  MPC f o r  radium and are then  r e l e a s e d  t o  s u r f a c e  streams 

(Fig .  4 .29) .  

Es t imated  chemical  releases p e r  day are as f o l l o w s :  

i o n s ,  1 MT of ammonium i o n s ,  2 MT of ca lc ium i o n s ,  1 . 4  MT of po tass ium 

i o n s ,  1 MT of sodium i o n s ,  0 .2  MT of s u l f a t e ,  and 0.03 MT of f l u o r i d e  

(Table  4 .10) .  There may be  s m a l l  q u a n t i t i e s  of o t h e r  chemica ls  i n  addi -  

t i o n  t o  t h o s e  l i s t e d .  The uranium c o n t e n t  of t h e  combined p rocess  wastes 

b e f o r e  d i l u t i o n  i s  3 ppm. The radwas te  release amounts t o  7.9 x C i  

C i  of 2 2 6 R a  p e r  y e a r  f o r  

T h i s  method 

The e f f l u e n t  may n o t  b e  a c c e p t a b l e  chemica l ly  a t  a l l  sites. 

14  MT of n i t r a t e  

2 .8  x C i  of 230Th, and 2 .0  x 'nat 9 

t h e  UFg p l a n t  f eed  c o n t a i n i n g  "low'' levels  of 230Th and 226Ra  ( i . e . ,  

2800 pCi of 231rTh and 200 pCi of 226Ra  p e r  gram of U 

e s t ima ted  chemical  requi rements  are 4.9 MT of C a O ,  160 kg of B a C 0 3 ,  and 

17  kg of A12(S04)3. 

and 1 . 7  MT of CaF2 chemwaste, which are impounded o n - s i t e .  

r e t e n t i o n  t i m e s  are 60 and 1 4  days  f o r  t h e  radwas te  s e t t l i n g  b a s i n  and t h e  

f l u o r i d e  s e t t l i n g  b a s i n  r e s p e c t i v e l y .  Th i s  holdup p e r i o d  pe rmi t s  some of 

t h e  234Th and 234mPa t o  decay.  

t a i n i n g  "high" levels  of 230Th (14,200 pCi/g of Una;) and 2 2 6 R a  (1600 pCi/g)  

i s  a l s o  p re sen ted  i n  Sects. 4 .4 .11 and 4.4.12; however, t h i s  i s  n o t  expec ted  

t o  be t y p i c a l  of UFg p l a n t  f eed .  

Table  4 .9 ) .  The n a t  ' 

Each day t h e  system g e n e r a t e s  4.0 MT of s o l i d  radwas te  

The l i q u i d  

The assessment  f o r  a ye l low cake  f e e d  con- 

SX-F Case 2 ,  l i q u i d  w a s t e  t r e a t m e n t .  The s o l v e n t  e x t r a c t i o n  wastes 

are n e u t r a l i z e d  w i t h  ammonia and impounded i n  l i n e d  lagoons  i n  Case 2. 

Impoundment, which i s  a n  i n t e r i m  measure pending development of an  accept -  

a b l e  permanent d i s p o s a l  method f o r  t h e  n i t r a t e , 9 7  is  t h e  o n l y  a l t e r n a t i v e  

t o  r e l e a s i n g  l i q u i d  n i t r a t e  wastes which is  f u l l y  developed and immediately 

a v a i l a b l e  f o r  i n d u s t r i a l  a p p l i c a t i o n .  A d d i t i o n a l  c o s t s  and/or  releases of 

r a d i o a c t i v e  materials and /o r  chemica ls  may b e  i n c u r r e d  i n  d i s p o s i n g  of t h e  

n i t r a t e .  L iquid  n i t r a t e  Case 2 is  n o t  d i r e c t l y  comparable t o  t h e  o t h e r  

case s t u d i e s  because  i t  does n o t  a d d r e s s  f i n a l  d i s p o s a l .  

Case 2 a l s o  a p p l i e s  t r ea tmen t  t o  t h e  l i q u i d  f l u o r i d e  wastes. Potassium 

hydroxide s c r u b  l i q u o r s  are t r e a t e d  w i t h  l i m e  t o  p r e c i p i t a t e  CaF2 and then  
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recycled to the process, eliminating most of the KF salt from the effluent 

(Fig. 4 . 2 8 ,  Tables 4.10  and 4 . 4 1 ) .  Water fluoride scrub liquors are treated 

with lime, the CaF2 is permitted to settle in a lined pond with a liquid 

detention time of 1 month, and the clear supernate is then released 
(Fig. 4 . 3 0 ) .  These treatments essentially eliminate the major sources of 

fluoride ih the effluent (Table 4 . 4 1 ) .  

In summary, Case 2 liquid effluent contains 2 kg of fluoride, 50 kg of 

sulfate, 30 kg of potassium ions, and 50 kg of sulfate per day (Table 4 .10 ) .  

The uranium content of the combined wastes is 3 ppm (before dilution). 

Major radionuclides released per year are as follows: 3.8 x Ci of 

2 3 8 U ,  3.8  x Ci of 230Th, 
and 2.3  x 10-l' Ci of 226Ra for the "low-impurity" feed option (Table 4 . 9 ) .  

On a daily basis, a total of 1 6 4 , 0 0 0  R of nitrate waste is treated with 

2 . 8  MT of ammonia and the nitrate brine is impounded in lagoons; 90,000 R 
of fluoride wastes are treated with 1.4 EIT of CaO. The waste treatment 

systems generate 1 . 4  MT of solid radwaste and 2 . 0  MT of solid chemwaste, 

which are impounded. 

Ci of 234U, 9 . 2  x Ci of 235U, 3 . 2  x 

SX-F Case 3 ,  liquid waste treatment. Case 3 uses biological nitrifica- 

tioddenitrification to destroy the ammonium and nitrate and then releases 

a purified wastewater (Fig. 4 . 3 1 ) .  The release of radioactive materials 

is similar to that in Case 1. The ammonium salt load to waste treatment 

i s  reduced by calcining part of the yellow cake feed to the UFg plant to 

volatilize ammonia. Barium carbonate treatment is applied to precipitate 

radium, and the solvent extraction wastes are neutralized with lime to 

precipitate radioactive materials, toxic heavy metals, and some chemicals. 

The ammonium ions are then oxidized to nitrate by nitrifying bacteria, and 

the nitrate is reduced to nitrogen gas by denitrifying bacteria. The 
purified wastewater that is released contains NaHC03 (baking soda) at levels 

below the taste threshold. Biological nitrification and denitrification 

have never been demonstrated on uranium refinery wastes; research and develop- 

ment would be required before they are ready for industrial use. Case 3 

also includes the Case 2 treatments for fluoride scrub liquors. 

About 164,000 R of solvent extraction wastes and 90,000 R of fluoride 

scrub wastes are treated each day. The UF6 plant ef€luent carries an 



-146- 

estimated 1 .2  MT of sodium ions, 2.6 MT of bicarbonate, 290 kg of sulfate, 

130 kg of potassium ions, 8 kg of nitrate, 0.4 kg of ammonium, and 2 kg 

of fluoride. The uranium content of the combined wastes before dilution 

is 3 ppm. The annual radwaste release amounts to 5.3 x Ci of Unat, 
2.8 x 

feed option. 

is 24 days, which permits some 234Th and associated 234mPa to decay. 

liquid-holdup time for the fluoride treatment system is 30 days. The 

treated wastes are combined, neutralized, and diluted by a factor of 1~1.3 

Ci of 230Th, and 2.0 x loe3  Ci of 226Ra for the "low-impurity" 

The average liquid detection time in the biological system 

The 

to meet the MPC for radium before release to surface streams (Table 4.9). 

After dilution by a 15-cfs (0.4-m3/sec) stream, the NaHC03 (baking soda) 

concentration is below the taste threshold. On a daily basis, chemical 

requirements are 7.5 MT of methanol, 2.7 MT of lime (CaO), 160 kg of BaC03, 

1 7  kg of A12(S04) 3, 100 kg of FeC13, and a small quantity of H2SO4. The 

waste treatment systems generate 3 . 9  MT of radwaste, which is dried and 
drummed; 7.2 MT of CaC03, which is incinerated to recover the lime; 1.4 MT 

of biomass, which is incinerated; and 2.0 MT of CaF2 chemwaste, which is 

impounded on-site. 

'SX-F Case 4, liquid waste treatment. Case 4 recovers HNO3, NH3,  KOH, 

and water (Fig. 4 . 3 2 ) .  There is no direct liquid release of radioactive 

materials to surface streams, although a nonradioactive effluent composed 

of the overheads from the HNO rectifier and lime-treated wastes from 
the fluorine cell H water scrubber (Stream 7L) is neutralized and then 
discharged. 

tated first from the solvent extraction wastes, followed by recovery of 

ammonia for off-site industrial use, water for recycle, and nitric acid for 

recycle. 

Mg(N03)2 and includes a boildown tank, a calciner, a nitric acid rectifier, 

an NO absorber, an ozone sparge, (to remove chloride), and a magnesia 

recovery system. Sodium and other alkali metal ions must be restricted 

in the plant feed, and internal process changes must be made at the UFg 

plant to eliminate the use of alkali-metal ions in the refining section of 

the plant (but not in conversion). The Case 4 nitrate treatment system 
would require development before it is ready for industrial use. 

3 

2 
The radwaste and some of the corrosive chemicals-are precipi- 

The nitric acid recovery is based on thermal denitration of 

X 
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The only water scrub liquor in Case 4 is from the fluorine cell H2 
off-gas. This stream, which is lime-treated before release, contains no 

radioactive materials and is kept separate from the other streams. The 

HF condenser replaces the water scrubber on the hydrofluorination off-gas, 
so that there is no water hydrofluorination scrub liquor in Case 4. 
Spent KOH scrub liquors are treated with lime and recycled. Case 4 incor- 
porates several internal process changes which reduce the load to fluoride 

treatment - more efficient condensers on the hydrofluorination off-gas and 

on the fluorine cells, more efficient use of fluorine in the process, a 
more efficient fluorine cleanup reactor, and a UFg cleanup reactor on the 

fluorination off-gas. 

Case 4 makes no provisions for the direct release of radioactive mate- 
rials to surface streams, and the release of noxious chemicals has been 

reduced to 3 kg of nitrate and 1.4 kg of fluoride per day (as CaF2). In 

this case, 164,000 R of solvent extraction wastes is treated by chemical 

and physical means, including the evaporation and calcination of 6.1 MT 
of nitrate salts (calculated as MgO) per day. A total of 13.5 MT of HN03 

is recovered from the waste as a 45 wt % acid suitable for recycle and 

1.5 MT of ammonia as a 28 wt % aqueous solution suitable for industrial 

use. In addition, 6200 R of liquid fluoride wastes is also treated. On 
a daily basis, the systems generate 2.3 MT of radwaste (cemented and drummed), 

2.6 MT of CaS04 chemwaste (stored on-site), 0.6 MT of CaF2 chemwaste (stored 
on-site), and 0.4 MT of water-soluble chemwaste (dried and drummed, to 
special storage). Chemical requirements are 0.7 MT of MgO, 0.9 MT of CaO, 
60 kg of ozone, and small amounts of BaC03 and Alz(SO4)3. 

* 

4.4.14 Solid waste treatment summary, SX-F model plant 

The principal solid wastes are those generated by the liquid waste 

treatment systems (Figs. 4.29-4.32, Sects. 4.4.11-4.4.13). Treatment methods 

are summarized in Table 1.1; the quantity of waste is shown in Table 4.11. 
The radwaste is impounded in Cases 1 and 2, dried 

and incorporated in cement and drummed in Case 4. 

* 
Case 4 also recovers 6.0 MT of 45% HNO3 and 10.6 
denitration of U02 (N03) to UO3. 

and drummed in Case 3 ,  

Chemwastes that contain 

MT of 40% HNO3 fron the 
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low levels of r a d i o a c t i v e  materials are impounded i f  t h e y  have a low 

s o l u b i l i t y  i n  water, o r  d r i e d  and drummed i f  they have a h i g h  s o l u b i l i t y .  

The s tudy  i n c l u d e s  t h e  c o s t  of l i n e d  o n - s i t e  s t o r a g e  b a s i n s  o r  p r e p a r i n g  

t h e  wastes f o r  shipment.  

f i n a l  d i s p o s a l  such  as shipment,  b u r i a l ,  o r  decommissioning t h e  waste 

impoundments. 

It does n o t  a d d r e s s  t h e  c o s t s  a s s o c i a t e d  w i t h  

SX-F Case 1, s o l i d  waste treatmeht. The p r i n c i p a l  radwas te  is  t h e  

s ludge  gene ra t ed  i n  t r e a t i n g  t h e  s o l v e n t  e x t r a c t i o n  r a f f i n a t e .  I n  t h e  

b a s e  case, t h e  l i m e  n e u t r a l i z a t i o n  and B a C 0 3  t r ea tmen t  f o r  radium g e n e r a t e  

4.0 MT of s l u d g e  p e r  day. 

comparable t o  a uranium o r e ,  i s  impounded i n  a l i n e d  b a s i n  t o  minimize 

p o t e n t i a l  underground m i g r a t i o n  of materials v i a  l i q u i d  seepage o r  l e a c h i n g  

by n a t u r a l  waters. 

processed  t o  r ecove r  uranium, e i t h e r  a t  t h e  UFg p l a n t  o r  a t  a uranium m i l l .  

For t h e  "low-impurity" f eed  o p t i o n ,  t h e  s o l i d s  c o n t a i n  a n  e s t ima ted  2 .4  x 

This  s l u d g e ,  which c o n t a i n s  uranium a t  levels 

- 
It is  p o s s i b l e  t h a t ,  a t  some f u t u r e  t i m e ,  i t  might be  

v C i  of 230Th and 1 . 7  x p C i  of 226Ra p e r  gram of waste. These 

levels are, r e s p e c t i v e l y ,  40 and 3 t i m e s  h i g h e r  t han  t h e  l e v e l s  i n  t h e  

t a i l i n g s  from a t y p i c a l  0.2% u308 uranium o r e .  

p l a n t  feed c o n t a i n i n g  "high" levels of 230Th and 226Ra  i s  a l s o  g iven  i n  

Table  4.11; however, t h i s  i s  n o t  expec ted  t o  be  " t y p i c a l "  of UFg p l a n t  f e e d .  

Chemically,  t h e  s o l i d s  are about  one - th i rd  CaS04*2H20, which has  a small, 

b u t  a p p r e c i a b l e ,  w a t e r  s o l u b i l i t y  (2 .1  g/R as C~SOL,'~') (Table  4 . 2 7 ) .  

f o r e ,  they are p o t e n t i a l l y  l e a c h a b l e .  

The assessment  f o r  a UFg 

There- 

F i n a l  d i s p o s i t i o n  of t h e  s o l i d  radwas te  gene ra t ed  by t r e a t i n g  t h e  l i q u i d  

n i t r a t e  s o l v e n t  e x t r a c t i o n  wastes is  a t  p r e s e n t  u n c l e a r .  97 

230Th and 226Ra ,  t h e s e  r e s i d u e s  (with o r  w i thou t  uranium recovery)  w i l l  

r e q u i r e  s p e c i a l  hand l ing .  

a m i l l  t a i l i n g s  p i l e .  

become t h e  permanent r e p o s i t o r y ,  97 a l though t h i s  would probably  be  t e c h n i -  

c a l l y  f e a s i b l e .  

i n  d i s p o s i n g  of t h i s  waste. 

release from t h e  decay of 226Ra  i n  t h e  b u r i e d  waste, (2) a p o t e n t i a l  f o r  

underground m i g r a t i o n  of r a d i o a c t i v e  materials v i a  seepage o r  l e a c h i n g  i f  

t h e  i n t e g r i t y  of t h e  c o n t a i n e r  o r  l i n e r  should  f a i l ,  and (3) a p o t e n t i a l  f o r  

Because of t h e  

F i n a l  d i s p o s a l  might be  i n  a b u r i a l  ground o r  i n  

It seems u n l i k e l y  t h a t  t h e  UFg p l a n t  impoundment w i l l  

A d d i t i o n a l  c o s t s  and /o r  r a d i o a c t i v e  releases may be  i n c u r r e d  

There  w i l l  a l s o  be: (1) a long-term radon 
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windblown dust if the cover should erode. 

impacts at the disposal site is beyond the scope of this study. 

Assessment of these potential 

The model plant generates 1.7 MT of CaF7 chemwaste when fluoride- 
bearing wastes from off-gas scrubbers are combined with lime-treated 

wastes from solvent extraction. The chemwaste is impounded in a lined 

basin. 

nearly insoluble, nonvolatile form, contain uranium at levels which are 

only slightly higher than the average concentration in the earth's crust, 

plus negligible quantities of 230Th and 226Ra (Table 4.11). 
studies do not address final disposal. Fluorspar, the raw material in 

the manufacture of HF, is an imported mineral which has been escalating 

rapidly in price. It is possible that, at some future time, the CaF2 

scrubber wastes will be purified and recycled to make HF. No technical or  

environmental difficulties are anticipated with on-site burial, providing 

the burial site is situated a reasonable distance away from natural water- 

courses and above the water table; however, there may be legal restrictions. 

These CaF2 scrubber wastes, which are in a chemically stable, 

The case 

SX-F Case 2 ,  solid waste treatment. In Case 2 ,  ammonia neutralization 

of the solvent extraction wastes generates 1.4 MT of radwaste sludges per 
day which are impounded with the liquid nitrate waste in lined lagoons. 

The quantity of radwaste solids in Case 2 is only %40% of that in Case 1 

because (NHL,)2SoL,  is quite soluble in contrast to the Cas04 generated in 

Case 1, which is only slightly soluble. The solids contain about the same 

total amount of radioactive materials as in Case 1; the concentration per 
gram is roughly twice the Case 1 concentration. Case 2 ,  like Case 1, does 

not address final disposal of the radwaste. Additional costs or releases 

of radioactive materials may be incurred. 

The Case 2 treatment system for spent fluoride scrub liquors generates 
2 . 0  MT of CaFy chemwaste. This waste, which contains very low levels of 

radioactive materials (Table 4.111, is kept separate from the solvent 

extraction wastes. It is impounded in a lined basin as in Case 1. No 

technical or environmental difficulties are anticipated with on-site 

burial, providing the site is selected with care. 

SX-F Case 3 ,  solid waste treatment. The Case 3 radwaste precipitation 

system generates about 4.2 MT of sludges per day. These sludges are 
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centrifuged, washed in the centrifuge to remove some of the sorbed salts, 

and dried at 280°C. 

tallization when heated. The dried product, whose weight is estimated as 

3 . 9  MT, is drummed ready for shipment off-site to an approved burial 
ground or possibly to a mill for uranium recovery. 

tion and activity of the waste are similar to Case 1 (Tables 4.11 and 
4.27). 

Gypsum (CaS04.2H20) and Al(OH)3 lose water of crys- 

The chemical composi- 

The biological nitrification/denitrification system generates an esti- 

mated 7.2 MT. of CaC03 chemwaste and 1.4 MT of biomass on a daily basis. 
These wastes contain very low levels of radioactive materials. In order 

to reduce the quantity of chemwaste requiring disposal, they are inciner- 

ated and the lime is recovered for recycle. Calcium fluoride scrubber 

wastes are handled in the same manner as in Case 2. 

SX-F Case 4, solid waste treatment. The liquid treatment system 

employs magnesia to precipitate 2.3 MT of radwaste per day. 

is to reduce the quantity of radwaste requiring disposal without using 

ammonia neutralization, which is incompatible with the nitrate treatment 

system. The radwaste is cemented as a 15% radwastd5% cement-40% water 

mixture and drummed for shipment to an approved burial ground. Cementing 

the waste provides protection from potential long-term leaching by natural 

waters and reduces the radon emanation in the event of drum failure. The 

The purpose 

benefit of cementing the waste will depend on the environment of the 

disposal area. 
included. 

Shipment and burial costs for the cemented product are not 

On a daily basis, the nitrate waste system also generates 2.6 MT of 
CaS04-2H70 chemwaste and 0.4 MT of water-soluble chemwaste. The CaS01+*2H70 

waste, which contains radioactive materials at levels expected to be barely 

distinguishable above the natural background of the lime (Table 4.11), is 

impounded on-site in a lined basin. 

culties are anticipated with on-site burial, assuming that the site is 

selected with care. The water-soluble chemwaste, a mixture of salts such 

as KN03, NaN03, MgS04, and MgC12, is dried and drummed ready for shipment 

to special (i.e., dry) storage. Costs do not take into account shipping 

or special storage such as concrete or asphalt-lined vaults. 

No technical or environmental diffi- 
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Calcium fluoride wastes are, in general, handled in a manner similar 

to that used in Case 2 .  Contaminated CaF2 waste is stored separately from 

uncontaminated waste to avoid liquid releases of radioactive materials via 

solution sorbed on the moist filter cake. Because of more efficient fluo- 

rine utilization within the process and higher HF recovery, the amount of 

fluoride scrubber wastes in Case 4 is only 0.6 MT per day, or about 30% 

of that in Cases 1-3. The concentration of uranium in the contaminated 

fluoride scrubber waste is low (1 x pCi/g of Unat); however, it is 

slightly higher than in Cases 2 and 3 because less CaF2 diluent is present 

(Table 4.11). The concentrations of 230Th and 226Ra are negligible. 

4.4.15 Radon release 

The semirefined yellow cake feed to the UFg plant contains a small 

amount of 226Ra impurity (half-life, 1620 years), which is rejected to the 

raffinate waste during solvent extraction. 

(half-life, 3 . 8  days), which is an inert gas and can diffuse through solids 

and become dispersed into the environment where it decays to a chain of 

radioactive daughters. In Cases 1 and 2, radon is released from the solvent 
extraction radwastes that are impounded near the plant. This is analogous 

to the emanation of radon from the tailings near a uranium In 

Cases 3 and 4, this source is eliminated at the UFg plant by packaging the 

radwaste in sealed drums ready for shipment off-site. A small amount of 

radon is also released from the UFg plant processes. 

release from plant processes is 4 t o  6 Ci/year for the plant feed contain- 
ing a ttlow" level of 226Ra impurity (200 pCi/g U 

from the model Case 2 midwestern impoundment. In this example, the radon 

from a 15-year accumulation of liquid and solid wastes contributes 0.06mrem/ 

year (6%) of the maximum annual individual total-body dose and 2.8 mrem/year 
(33%) of the lung dose (Sect. 7, Tables 7 .4  and 7.4e). Radon source tenns 

for the operating facility are presented in Tables 4.6a-4.6d for the 

various case studies. 

This 226Ra decays to 222Rn 

The estimated radon 

) ;  it is %300 Ci/year nat 

In addition to the radon release from the active UFg conversion facility, 

radon emanation from the wastes will continue for a very long time. It 

seems unlikely that the UFg plant impoundment will become the permanent 
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repo~itory,~~ although "stabilization" of the solids (i. e. , cover them 
with earth) on-site would be technically feasible. 

radium-containing wastes in a licensed low-level burial facility or in a 

mill tailings pileg7 appears more probable. 

this survey to assess the long-term radon release from the burial ground. 

Final disposal of the 

It is beyond the scope of 

The assumptions and estimation o f  the radon source terms for the 

active facility are discussed in the following sections. 

4.4.15.1 Radon release from SX-F plant processes. In genera1,conser- 

vative assumptions which tend to maximize releases are used in estimating 

radon source terms. A radon emanation coefficient (fraction of the radon 

that escapes the particles) of unity is assumed for yellow cake; no credit 
is taken for holdup within the plant which permits decay (half-life, 3.8 
days). 

releases through the gasket. 
estimate leaks from drums. The following examples are for the plant feed 

containing "low" levels of 226Ra (200 pCi/g Unat) , which is representative 
of current feed. 

higher than for the "low"-impurity feed. 

* 

Sealed drums are assumed to be tight with only diffusion-controlled 

It is beyond the scope of this survey to 

Releases for the "high"-impurity feed would be 7.84 times 

Radon release from sampling. The maximum radon release from sampling 
is estimated as 2.08 Ci/year for the "low-impurity" feed, based on the 

following assumptions: 

1. The yellow cake feed to the plant has aged 1 month o r  longer 

in a sealed drum since milling so that the 222Rn has grown 
back to secular equilibrium with the 226Ra. 

2. The secular-equilibrium amount of radon * , .  (i.e., 2.00 Ci/year) 
is released when the drum is opened. 

3 .  A total of 0.08 Ci of radon per year is generated within the 

plant, based on a residence time in the sampling plant of 8 hr, 

operation of the sampling plant for two shifts per day for 

300 days per year, and no inventory (except sealed drums) when 
the sampling plant is not operating. 

* 
The emanation coefficient of yellow cake has not been measured. 
emanation coefficient for the mill tailings is generally in the range 
0.09 to 0.2; that is, 9 to 20% of the radon generated escapes from the 
particles and is free to migrate. 

The 

166,167 
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4. All the radon generated in the plant is released. 

Radon release from yellow cake storage. Godbee and Joy have esti-ted 
from diffusion theory that the amount of radon which.diffuses through the 

gasket of sealed drums containing 10,000 MT of uranium, as yellow cake 

(i.e., a 1-year inventory), is 8 x Ci/year for the "high-impurity" 

feed . 168 
would be 1 x 

By extrapolation, the amount released for the "low-impurity" feed 

Cilyear. The mathematical model is described in Part I 
1 

Of this study, pp. 98-100. 

Radon release from refining and conversion to UFh. The radon release 
from refining is estimated as 2.44 Ci/year for the "low-impurity" feed in 

Cases 1, 2, and 4. This includes one secular-equilibrium release (2.00 Ci/ 

year) of radium when the drums are dumped and 0.44 Ci/year generated within 
the plant based on a 1-day residence time for radium. In Case 3, the 

residence time is assumed to be 2 days rgther than 1 day to allow for 

calcining the feed to volatilize aqonig (Sect. 4.4.11.6). The drum-dumping 

release can be reduced if feed is processed shortly after sampling, that is, 

before the radon has grown back to secylar equilibrium. 

should be allowed for analyses and for blending feed materials to achieve 

a more uniform chemical reactivity. The assessment assumes that only 0.5% 

of the radium is extracted with the Uranium by TBP (Sect. 4.2.3). 

this condition, the radon release from the conversion of the purified 

Some storage time 

Under 

uranyl nitrate solution to UFg and from the handling and recycle of the 

fluorination ash is negligible relative to that from the semirefined yellow 

cake. * 

Radon release from radwaste handling, Cases 3 and 4. The advanced 
case studies include preparation of the radwaste for shipment. The maximum 

radon release from this operation is estimated as 1.32 Ci/year for the "low- 

impurity" feed. 
and a radon emanation coefficient of unity 

taken for the fact that wastes a;e wet during a portion of this time, which 

This is based on a 3-day residence time in waste treatment * 
foF the waste. No credit is 

would tend to reduce the radon release. The radon diffusion from waste 

stored in sealed drums awaiting shipment will be very small relative to 

other sources. 

* 
A more realistic radon emanation coefficient of 60% is used for the 
waste in Sect. 4.4.15,2. 
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4.4.15.2 Radon release from the active radwaste impoundment. In 

Cases 1 and 2, the radium-bearing liquid and solid wastes that are gener- 
ated by solvent extraction and are impounded near the plant are a source 

of radon. It is assumed that solids are kept wet at all times so that 

there is no dry beach, which is a major source of radon at uranium mills. 

Any exposed solids due to fluctuating water levels are sluiced into the 

pond. 

2 

The model uses diffusion theory to estimate the amount of radon that 

diffuses out of the wet solids into the pond water. The mathematical 

model for the diffusion calculations is similar to the one used in an 

earlier study to estimate the radon release from mill tailings covered 

by the pond. Water is an excellent radon diffusion barrier, and most 

of the radon generated in the solids decays before it can diffuse to the 

interface between the sludge and the pond. 

of 60% is assumed for the solids by analogy to the radon emanation from 
the gypsum waste generated by a phosphate fertilizer plant. 
also assumes that the pond is "stirred"; that is, all of the radon 

diffusing out of the wet sludges into the pond water and all of the radon 

generated by the decay of the dissolved 226Ra are released to the 

atmosphere. 
pond. This is a conservative assumption. Those parameters which have a 

significant effect on the estimated radon release include: 

2 

A radon emanation coefficient 

The model 

No credit is taken for the possible decay of radon in the 

1. the area that is covered by wet sludges; 

2. the radium concentration (pCi/g) in the sludges '(from 

Sect. 4.4.11 and Table 4.11); 

3 .  the total quantity of radium dissolved (or suspended) in 

the pond water, which depends on the quantity of waste 

accumulated and the treatment for radium. 

The total accumulation of solids affects the assessment only indirectly 

through the area. 

Estimates of the radon release from the wet sludges and liquid wastes 

in the Case 1 and Case 2 impoundments are presented in Table 4.42. In 

Case 1, it is assumed that lime-precipitated, radwaste sludges cover an 
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area of 13,000 m2 ( 3 . 3  acres), and that the BaCOg-treated liquid waste is 

released after the solids have been allowed to settle. Under these condi- 

tions, the radon release from the wet sludges is estimated as about 20 Ci/ 

year for the "low-impurity" feed option. This would be near the end of 

the life of the facility, which is estimated as ~ 3 0  years. During the 

first year of operation, only ~ 6 0 %  of the surface of the impoundment would 

be covered with sludge and the radon release would be proportionately 

smaller. Impoundment of BaC03-treated liquid wastes for as long as 1 year 

to permit controlled release to a surface stream has little effect (0.1 Ci 
of 222Rn per year) on the assessment. 

In Case 2, the solvent extraction wastes are neutralized with ammonia 

and both the liquid and solids are impounded; no BaC03 treatment is included 

to precipitate radium. The radwaste sludges are confined to the first 

lagoon, which serves as a settling basin, and are not spread over the 

entire evaporation area. 

quantity of sludge, the radium concentration in the solids is higher than 

in Case 1; therefore, the radon emanation per unit area is higher. For 

the model Case 2 midwestern impoundment, "low"-impurity feed option, the 

annual 222Rn release from 28,800 m2 (7.1 acres) of wet, ammonia-precipitated 
sludge is estimated as.107 Ci and that from a 15-year accumulation of 

liquid wastes is estimated as ~ 2 0 0  Ci (Table 4.42). In this example, the 

radon from the impounded wastes contributes 0.06 mrem/year (6%) of the 
maximum annual individual total-body dose and 2.7 mrem/year (33%) of the 

Because ammonia precipitation generates a smaller 

lung dose (Sect. 7, Tables 7.4 and 7.4e) at 800 m (0.5 mile). In the 
unlikely event that the model plant should process the "high"-impurity 

feed, the estimated 222Rn release from a 15-year accumulation of liquid 
and solid wastes is 2400 Ci/year, and the maximum annual individual dose 

to the lungs from the impoundment and the process effluents combined using 

Case 2 level treatment is 28 mrem (Table 7.20). This would not meet the 
40 CFR 190 environmental'standards at some sites. 

Table 4.42 also presents the estimated radon release from a Case 2-like 

impoundment if BaC03 treatment to precipitate radium is applied. (However, 

this is not part of the case study.) For the "high"-impurity feed option, 

application of BaC03 treatment to remove 99.8% of the soluble radium would 

For comparative purposes, 
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reduce the 222Rn release from 2400 Ci/year to 560 Ci/year. 

treatment is not needed for radon control with the "low"-impurity feed, 

which is representative of current plant feeds. 

The BaC03 
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5. NONRADIOACTIVE WASTES 

The o r i g i n  and t r ea tmen t  of chemwaste and radwaste  are d i scussed  i n  

Sec t .  4 .  Airborne chemical  and l i q u i d  chemical  releases from t h e  

process  are shmmarized i n  Table& 4.7 and 4.10 r e s p e c t i v e l y .  

of noxious chemicals  such as HF, N02, n i t r a t e ,  ammonium f l u o r i d e ,  and 

o t h e r  s a l t s  are a l s o  of concern.  I n d u s t r y  today uses  s o p h i s t i c a t e d  tech- 

nology t o  minimize l o s s e s  of branium, which is a v a l u a b l e  commodity, du r ing  

process ing .  

r e a g e n t s  are used, but  are contaminated wi th  only  small amounts of r ad io -  

a c t i v e  materials. The advanced t rea tment  methods t o  reduce  t h e  amount of 

r a d i o a c t i v e  releases must be des igned  on t h e  b a s i s  of t h e  chemical  flow- 

s h e e t s .  Consequently,  t h e  eng inee r ing  par-t of t h i s  survey  e v a l u a t e s  t h e  

methods and c o s t s  f o r  reducing t h e  releases of bo th  chemical  and rad io-  

a c t i v e  materials. The case s t u d i e s  a l s o  cons ide r  t h e  e f f e c t  on rad io-  

The releases 

Waste streams have h igh  chemical  c o n t e n t s  because excess  

a c t i v e  releases and on t h e  g e n e r a t i o n  of s o l i d  radwaste-chemwaste if more 

s t r i n g e n t  r e g u l a t i o n s  are adopted concern ing  chemical  releases i n  t h e  

f u t u r e .  Many of t h e  f e a t u r e s  and much of t h e  c o s t  of t h e  l i q u i d  waste 

t r ea tmen t  in Cases 2 t o  4 are d i r e c t e d  p r i m a r i l y  toward reducing  t h e  

chemical  releases. 

The o p e r a t i o n  of a UF6 p l a n t  w i l l  gene ra t e  misce l laneous  Wastes i n  
a d d i t i o n  t o  t h e  radwaste-chemwaste. These ' i nc lude  s a n i t a r y  waste, pack- 

ag ing  materials from s u p p l i e s ,  combustion products  from t h e  power p l a n t ,  

o i l s  and g r e a s e s  from equipment maintenance, and chemical  wastes from t h e  

f l u o r i n e  c e l l  rework area. The s a n i t a r y  wastes are d isposed  of i n  a s e p t i c  

tank  and d r a i n  f i e l d  f a c i l i t y .  Nonradioac t ive  s o l i d  wastes and o i l s  are 

i n c i n e r a t e d  o r  placed i n  a l a n d f i l l .  

SO2 are d i s p e r s e d  through a s t a c k .  

Combustion p roduc t s  which may c o n t a i n  
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6.0 COSTS 

Cos t s  f o r  t h e  v a r i o u s  gaseous and l i q u i d  chemwaste and radwaste treat- 

ment cases f o r  t h e  lO,OOO-MT/year model SX-F UF6 conver s ion  p l a n t  are esti-  

mated as a d d i t i o n s  t o  t h e  base p l an t .  The waste t r ea tmen t  c o s t s  f o r  t h e  

cases are subdivided i n t o  d u s t  c o n t r o l  e f f l u e n t ,  p rocess  off-gas  b u i l d i n g  

v e n t i l a t i o n  e f f l u e n t ,  and l i q u i d  chemwaste-radwaste c o s t s .  The l i q u i d  

chemwaste-radwaste systems are very complex, and no a t t e m p t  i s  made t o  

p r o p o r t i o n  t h e  l i q u i d  waste t r ea tmen t  c o s t s  between chemwaste and radwaste. 

The c a p i t a l  c o s t s ,  annua l  f i x e d  charges,  annua l  o p e r a t i n g  c o s t ,  t o t a l  annual  

c o s t ,  and c o n t r i b u t i o n  t o  t h e  c o s t  of power f o r  t h e  v a r i o u s  cases are 

sunmarized i n  Table  6.1. A d e t a i l e d  breakdown of t h e  i n s t a l l e d  equipment 

c o s t s  is g iven  i n  Tables  6.2-6.4. 

Annual f i x e d  cha rges  are e s t ima ted  a t  26% of t o t a l  c a p i t a l  investment.  

T h i s  is t y p i c a l  of investor-owned Euel r e p r o c e s s i n g  and waste t r ea tmen t  

f a c i 1 i t i e s . l  

o p e r a t i n g  c o s t  is d i scussed  i n  Sect .  6.2. An annual  o p e r a t i n g  expense is 

added t o  t h e  annual  f i x e d  charge on c a p i t a l  t o  g i v e  t h e  t o t a l  annual c o s t  

of a radwaste t r ea tmen t  case. The annual  ope;rating (and maintenance) 

expense is c a l c u l a t e d  i n  t h e  fol lowing manner: (1) € o r  conven t iona l  

chemical  p rocess ing  equipment, such as packed towers, tankage,  pumps, etc. ,  

i t  is es t ima ted  a t  40% of t h e  annual Eixed charge;  (2) f o r  d u s t  c o l l e c t i n g  

equipment, such as bag f i l t e r s  and l i q u i d  sc rubbe r s ,  i t  is c a l c u l a t e d  

us ing  pub l i shed  informat  i o n  developed p r i m a r i l y  by Stairmand2-4 as a 

b a s i s ;  and ( 3 )  f o r  HEPA f i l t e r s ,  i t  is based on t h e  expe r i ence  a t  O R N L . ~  

The b a s i s  f o r  c a l c u l a t i o n  of t h e  f i x e d  charge rate and t h e  

N o  o p e r a t i n g  expense is added f o r  c e r t a i n  c a p i t a l  c o s t s  such as lagoons,  

p i p e l i n e s ,  and ductwork, while  i n  o t h e r  cases where t h e  m a t e r i a l  c o s t  is 

a p p r e c i a b l e ,  such as f o r  l i m e ,  magnesium oxide,  cement, and druys,  a 

h i g h e r  o p e r a t i n g  expense is used (Sec t .  6.2). The t o t a l  annual  c o s t  €o r  

each case is d iv ided  by t h e  e q u i v a l e n t  annual  e l e c t r i c i t y  product ton of 

t h e  Euel t o  obtaLn t h e  c o n t r i b u t i o n  t o  power c o s t  f o r  each waste taeatment 

case. A UF6 conve r s ion  p l a n t  with a nomlnal p roduc t ion  ra te  of 10,000 FIT/ 

y e a r  can s e r v i c e  a n u c l e a r  economy of apRFoximately seventy-seven 1000-tfd(e) 
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LWRs (based on a burnup of 33,000 MWdIMT, an 80% load  f a c t o r ,  and a 32.5% 

thermal  e € f i c i e n c y ) .  Costs  are e s t ima ted  i n  terms of 1973 d o l l a r s  t o  make 

t h i s  r e p o r t  c o n s i s t e n t  with o t h e r  r e p o r t s  i n  t h i s  ~ e r i e s . ~ - ~  

is made t o  inc lude  t h e  e f f e c t  of i n f l a t i o n ;  however, based on t h e  Marsha l l  

and Swif t  (M and S)  Equipment Cost Indexlo  f o r  chemical equipment, t h e  

c o s t s  i n  l a t e  1978 w i l l  be about 65% h ighe r  than  t h e  1973 c o s t s .  The c o s t  

e s t i m a t e s  are expected t o  have an accuracy of about *30%. 

No a t t e m p t  

6.1 C a p i t a l  Cost 

The c a p i t a l  c o s t  of t h e  radwaste  t r ea tmen t  cases is t h e  sum of t h e  

d i r e c t  and t h e  i n d i r e c t  c o s t s .  The i n t e r e s t  dur ing  c o n s t r u c t i o n  and t h e  

cont ingency al lowance are inc luded  as i n d i r e c t  c o s t s .  

6.1.1 D i r e c t  c o s t s  

The major equipment components were s i z e d ,  and a base p r i c e  w a s  es t i -  

mated, based on t h e  gene ra l  methods used t o  c o s t  conven t iona l  chemical  

p l a n t  equipment €o r  conceptua l  des igns .  Appropr ia te  f a c t o r s  were app l i ed  

t o  t h e  equipment c o s t  t o  estimate t h e  expense of i n s t a l l a t i o n ,  p ip ing ,  

i n s t rumen t s  and c o n t r o l s ,  e lec t r ica l ,  and q u a l i t y  a s ~ u r a n c e . l l - ~ ~  

The c o s t s  of a g e n e r a l  p l a n t  s t r u c t u r e ,  warehouse b u i l d i n g s ,  o r  

o t h e r  r e l a t e d  f a c i l i t i e s  are not  included.  The t o t a l  d i r e c t  c o s t  f o r  each 

waste (gaseous and l i q u i d  chemwaste-radwaste) t r ea tmen t  case is t h e  

complete equipment i n s t a l l e d  ( m a t e r i a l  and l a b o r )  c o s t .  

6.1.2 I n d i r e c t  c o s t s  

For  t h e  purpose of t h i s  s tudy ,  i n d i r e c t  c o s t s  are e s t ima ted  as fo l lows:  
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Percentage 
of d i r e c t  c o s t  

15 Engineer ing and s u p e r v i s i o n  

C o n s t r u c t i o n  expense and c o n t r a c t o r ' s  f e e  20 

Engineer ing d e s i g n  (A-E) 1 5  

Contingency 45 

Other  owner's c o s t  

I n t  eres ta 

T o t a l  

10 

35 

140 

- 

a I n t e r e s t  is a p p l i e d  t o  the  cumulat ive t o t a l  c o s t  a t  t h e  
rate of 8% per  yea r  over a 5-year cash flow e x p e n d i t u r e  
pe r iod .  

6 . 2  Annual Fixed Charges and Operat ing Costs 

The annual  f i x e d  cha rges  on i n v e s t e d  c a p i t a l  are based on t h e  Fuel  

Recycle Task Force16 annua l  f txed  ra te  of 24%, which was, i n  t u r n ,  based 

on t h e  fo l lowing  assumptions: 

P l a n t  l i f e t i m e  ( a m o r t i z a t i o n )  

C a p i t a l  investment  In bonds 

C a p i t a l  investment  i n  e q u i t y  

I n t e r e s t  ra te  on bonds 

Rate of r e t u r n  on e q u i t y  ( a f t e r  t axes )  

F e d e r a l  income t a x  rate 

S t a t e  income t a x  rate 

Local  p rope r ty  t a x  rate 

Annual c o s t  of replacements  

Annual p rope r ty  i n s u r a n c e  ra te  

15 y e a r s  

30% 

7 0% 

5% 

16% 

50% 

3% 

3.3% 

0.35% 

0.25% 
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The 5% bond i n t e r e s t  rate is  probably  low by present-day s t a n d a r d s .  

I n c r e a s i n g  i t  t o  8% would i n c r e a s e  t h e  f i x e d  charge  ra te  t o  about  26%; 

t h e r e f o r e ,  a f i x e d  charge ra te  on i n v e s t e d  c a p i t a l  of 26% i s  assumed 

f o r  t h i s  s tudy .  

The annual  o p e r a t i n g  and maintenance c o s t  i s  c a l c u l a t e d  as 40% of 

t h e  annual  f i x e d  charges  f o r  t h e  s o l i d  and l i q u i d  chemwaste and radwaste  

t r ea tmen t  systems.  Add i t iona l  s p e c i f i c  o p e r a t i n g  charges  are  a l s o  

inc luded  where t h e  material  c o s t  is  a p p r e c i a b l e :  i n  Case 2 ,  $12,000 f o r  

l i m e  and $67,000 f o r  ammonia; i n  Case 3 ,  $262,000 f o r  methanol,  $20,000 

f o r  l i m e ,  and $57,900 f o r  drums f o r  s o l i d  radwas te ;  and i n  Case 4 ,  $4,000 

f o r  l i m e ,  $26,000 f o r  magnesium ox ide ,  $156,000 f o r  drums, and $537,000 

f o r  cement. The c o s t  f o r  o n - s i t e  s t o r a g e  of t h e  drums o r  sh ipp ing  o f f -  

s i t e  f o r  s t o r a g e  o r  b u r i a l  is n o t  i nc luded .  C a l c u l a t i o n  of t h e  annual  

o p e r a t i n g  c o s t  of t h e  gaseous waste t r ea tmen t  systems is  based on pub- 

l i s h e d  informat ion  f o r  equipment,  such as  bag f i l t e r s  and l i q u i d  scrub-  

b e r ~ , ~ - ~  and on exper ience  a t  ORNL f o r  the HEPA  filter^.^ 
c o s t s  are n o t  a s ses sed  f o r  t h e  lagoons ,  p i p e l i n e s ,  o r  v e n t i l a t i o n  d u c t s .  

Annual o p e r a t i n g  
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7.0 ENVIRONMENTAL IMPACT (RADIOLOGICAL IMPACT) 

The radiological impact of the model UF6 plant is assessed by 

estimating radiation dose commitments to individuals, populations, and 

selected biota which may result from exposure for 1 year to the expected 
radionuclides discharged during normal operations. The effluents are 

dispersed in the environment by atmospheric or aquatic transport. The 

resulting concentrations of radionuclides in the air and on the soil 

surface at various distances and directions from the model plant, or the 

concentrations in the waters around the plant, are then used to estimate 

the doses. Doses are calculated for each site and radwaste treatment 

case. 

Potential pathways for radiation exposure to man from radionuclides 

originating in a nuclear facility are presented schematically in Fig. 7.1. 
Although those shown in the figure are not exhaustive, they illustrate 

the principal pathways of exposure based on experience. External doses 
result from immersion in contaminated air, immersion in contaminated water, 

and exposure to contaminated ground surface. Internal doses result from 

the inhalation of contaminated air and the ingestion of contaminated food 

and drinking water. 
doses are used; for example, in calculating the doses from atmospheric 

releases, we assumed exposure to contaminated air and ground 100% of the 
time with no shielding and consumption of food that is produced entirely 

at the location of the dose calculation. Doses from liquid releases are 
based on the assumption that all drinking water or fish is obtained from 

the streams or rivers around the plant. 

Conservative assumptions which tend to maximize 

Radioactive materials introduced into the body via inhalation or 

ingestion (internal exposure) continuously irradiated the body until 
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removed by processes  of metabolism and r a d i o a c t i v e  decay. 

f o r  1 year  of r a d i o n u c l i d e  i n t a k e  ( in te rna l -exposure  pathways) is an es t i -  

mate of t h e  t o t a l  dose an i n d i v i d u a l  w i l l  r ece ive  i n t e g r a t e d  over  t he  next  

50 y e a r s  of h i s  l i f e  as a r e s u l t  of t h a t  year  of exposure (i.e.,  dose 

commitment). All of t h e  i n t e r n a l  doses  es t imated  in t h i s  r e p o r t  r e p r e s e n t  

50-year dose commitments. 

A dose c a l c u l a t e d  

E s s e n t i a l l y  a l l  of t h e  dose from a material which e i t h e r  has  a s h o r t  

r a d i o a c t i v e  h a l f - l i f e  o r  is e l imina ted  r a p i d l y  from t h e  body is rece ived  

i n  t h e  same yea r  t h a t  t h e  material e n t e r s  t h e  body: t h a t  is, t h e  annual  

dose rate is about t h e  same as t h e  dose commitment. This  is t h e  case f o r  

most r ad ionuc l ides  in t h i s  s tudy  s i n c e  234U,  235U, and 238U are e l imina ted  

from t h e  body f a i r l y  r a p i d l y  and t h e  h a l f - l i f e  of 234Th is s h o r t .  

c o n t r a s t ,  226Ra and 230Th are e l imina ted  from t h e  body very  s lowly and 

have long h a l f - l i v e s  so t h a t  t h e  i n d i v i d u a l  w i l l  con t inue  t o  r e c e i v e  a 

dose  from t h e  inges t ed  material f o r  many yea r s  a f t e r  t h e  exposure.  

In 

Under 

t h e s e  cond i t ions ;  t h e  approximate dose rece ived  in t h e  yea r  t h a t  t h e  mate- 

r ia ls  e n t e r  t h e  body is obta ined  by d i v i d i n g  t h e  dose commitment by 50; 

t h a t  is, approximately equa l  doses  are rece ived  over  a 50-year per iod.  

Thus t h e  average annual  dose ra te  from 226Ra and 230Th is only o n e - f i f t i e t h  

of  t h e  dose commitment. I f  an i n d i v i d u a l  is exposed t o  uF6 p l a n t  e f f l u e n t s  

f o r  t h e  30-year ope ra t ing  l i f e  of t h e  f a c i l i t y ,  h i s  annual  dose rate from 

226Ra and 230Th dur ing  t h e  30th  year  is about  30 t i m e s  t h e  annual  dose rate 

f o r  1 year  of exposure ( i .e. ,  approximately t h r e e - f i f t h s  t h e  dose commit- 

ment f o r  1 yea r  of exposure) and h i s  t o t a l  dose commitment is t h e  summation 

of t h e  50-year dose commitments f o r  each of t h e  30 yea r s  t h a t  apply in t h e  

30th  year .  These gene ra l i zed  dose estimates are approximately c o r r e c t  f o r  

t h e  cond i t ions  c i t e d ;  however, a d e t a i l e d  c a l c u l a t i o n  must be made t o  

determine a more p r e c i s e  v a l u e  f o r  t he  a c t u a l  dose rece ived  i n  a g iven  year .  

Assumptions, models, and codes used t o  estimate r a d i a t i o n  doses  are pre- 

s en ted  in ORNL-4992. 
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Organ doses may vary considerably for internal exposure from ingested 

or inhaled materials because some radionuclides concentrate in certain 

organs of the body. Estimates of doses are considered for all pathways 

of exposure based on parameters applicable to an average adult. The 

population total-body and organ dose estimates are the sums of the total- 

body and organ doses to the individuals within 5 5  miles ( 8 8  km) of the 

plant, and are based on adult doses in all cases. 

Radiation doses to the internal organs of children in the population 

vary from those of an average adult because of differences in metabolism, 

organ size, and diet. Differences between the organ doses of a child 

and those of an average adult by more than a factor of 3 would be unusual 
for all pathways of internal exposure except the atmosphere-pasture-cow- 

milk pathway. 

7.1 Models 

2 Total-body doses are relatively independent of age. 

and Assumptions for Estimating the Radiological Impact 
of Airborne Effluents During Operations 

The release of radioactive materials to the atmosphere is the principal 

mode of environmental contamination from UF6 production facilities. 

3 7.1.1 AIRDOS-I1 
3 

AIRDOS-IT, a FORTRAN IV computer code, is used to estimate individual 
and population doses resulting from the continuous atmospheric release of 

airborne radioactive materials from the model UFg plant. Pathways to man 
include: (1) inhalation of radionuclides in air, (2) immersion in air 

containing radionuclides, ( 3 )  exposure to ground surfaces contaminated 

by deposited radionuclides, ( 4 )  ingestion of food produced in the area, 
and (5) immersion (swimming) in water subjected to surface deposition 

from plumes. 
following organs: GI tract, bone, thyroid, lungs, muscle, kidneys, liver, 

spleen, testes, and ovaries. 

Doses are estimated for the totai body as well as the 

The area surrounding the nuclear facility is divided into 16  sectors, 

each of which is bounded by radial distances of 0.5, 1.0, 2.0, 3 . 0 ,  4 . 0 ,  

5.0, 10 ,  1 5 ,  2 5 ,  3 5 ,  4 5 ,  and 55  miles from the point of release. There 

are 176 areas lying outside the plant boundary within 55 miles of the plant. 
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Human population, numbers of beef and dairy cattle, vegetable crop acreage, 

and specification as to whether each of the 176 areas is used for producing 
vegetable crops or contains water (pond, lake, etc.) are required as input 

data. 

The first part of AIRDOS-IT is an atmospheric dispersion model (AIRMOD) 

which estimates concentrations of radionuclides in air at ground level and 

their rates of deposition on ground surfaces as a function of distance 

and direction from the point of release. Annual average meteorological 

data for the area are supplied as input for AIRMOD. 

AIRMOD is interfaced with environmental models within AIRDOS-I1 to 
estimate doses to man through the five pathways. The most complex environ- 

mental model is a terrestrial model (TERMOD) developed by Booth, Kaye, and 

R~hwer.~ 

radionuclides deposited on crops, soi1,and pastures. The intakes result 

from eating beef and vegetable crops and drinking milk. Ingestion of fish 

or other foods produced in water areas is not included in the present 

version of AIRDOS-11. 

This model estimates radionuclide intakes via ingestion of 

Population doses are summarized in the output tables of AIRDOS-I1 in 

a number of ways - by nuclides, pathways, and organs. The highest indi- 

vidual doses in the area for each organ are tabulated for each radionuclide, 

and the highest organ doses from all radionuclides in the source term are 
listed. The highest individual dose is specified. 

7.1.2 Atmospheric dispersion (meteorology) 

The basic equation used to estimate atmospheric transport to the 
6 terrestrial environment is Pasquill's Equation5 as modified by Gif ford. 

For particulate releases, the meteorological x/Q values are used in 
conjunction with dry deposition velocities and scavenging coefficients to 

estimate air concentrations and steady-state ground concentrations. 

Radioactive decay during plume travel is taken -into account in AIRDOS-11. 

Daughters produced during plume travel must be added to the AIRDOS-I1 
source term. .Concentrations in air for each sector are used to calculate 

close via inhalation and submersion in air. Ground surface concentrations 

are used for external radiation exposure. The ground deposits are also 
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assimilated into food which, when ingested, results in an additional 
dose via the food chain pathway. 

The meteorological data required for the calculations are joint 

frequency distributions of wind velocity and direction summarized by 

stability class. Meteorologic data7 from representative f irst-order 

weather stations in the Midwest (St. Louis, Missouri) and New Mexico 

(Albuquerque) are used to calculate the concentrations of radioactive 

materials at a reference point per unit of source strength. 

are calculated for sectors in the 1 6  principal compass directions bounded 

by radial distances of 0 . 5 ,  1.0, 2.0,  3.0, 4 . 0 ,  5.0 ,  1 0 ,  15,  25, 35, 4 5 ,  

and 55 miles from the point of release. 

The x / Q  values 

Radioactive particulates are removed from the atmosphere and depos- 

ited on the ground via mechanisms of dry deposition and scavenging (wash- 

out). Dry deposition, as used in this analysis, represents an integrated 

deposition of radioactive materials by processes of gravitational settling, 

adsorption, particle interception, diffusion, and chemical-electrostatic 

effects and is calculated from the deposition velocity, . Deposition 

velocity values for particles and reactive gases commonly range from 0.1 

to 1.0 cm-sec-l (refs. 8 ,  9 ) .  A value of 1.0 cm*sec-l is used for calcu- 
lating ground concentrations of all radioactive particles. Scavenging of 

radionuclides in a plume is the process through which rain or snow washes 

out particles or dissolves gases and deposits them on ground or water 

surface. Methods for estimating scavenging coefficients can be found in 

Meteorology and Atomic Energy - 1968 .  Scavenging coefficients for 
particulates" of 2.0 x 

the midwestern and New Mexico sites, respectively. 

'd 

10 

sec-l and 4.6 x l ov6  sec-l are assumed for * 

Most radionuclides released to the atmosphere by UFg plants have long 

half-lives (e.g., 238U, 234U, 235U, 230Th, and 226Ra) or are in secular 
equilibrium with a long-lived parent so that effectively no significant 

radioactive clecay occurs as the plume travels. 

will decay as the plume travels, producing particulate daughters. Decay 

of 222Rn is taken into account by the AIRDOS-I1 code. Its daughters are 

However, gaseous 3.22Rn 

* 
Scavenging was not considered in the earlier studies in this series on 
uranium mills. 11 
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added to the source term to take their buildup into account. A period of 

7 min was conservatively assumed to be required for the airborne plume to 

reach the plant boundary in the prevailing wind direction for the purpose 

of determining the buildup of 218Po and 214Pb daughters from 222Rn in order 

t o  estimate maximum individual doses. In estimating populatioc doses, it 

was assumed that the daughters were in secular equilibrium with 222Rn. 

The production of 222Rn from the 226Ra particulates in the plume was not 

taken into account because the quantity produced is insignificant as 

compared with that released by the plant initially. 

For a 5-m release height (the condition assumed in this study), the 

maximum ground-level concentration of radioactive materials in air occurs 

near the point of release. If we assume a site boundary of 0.5  mile ( 8 0 0  m), 

the maximum off-site x/Q value (least dilution) for long-lived radionxlides 
released as particulates after adjusting for plume depletion processes of 

deposition and scavenging, for example, is 3.89 x s e c ~ m - ~  for the mid- 

western plant and 5.57 x 

values decrease by more than three orders of magnitude at a distance of 

55 miles ( 8 8  km) from the source. Concentrations aE distances nearer the 

plant than 0.5 mile ( 8 0 0  m) are higher by the following factors: 

1 3 . 3 ;  200 m, 8 . 2 0 ;  300 m, 5.50; 400 m, 3 . 6 3 ;  500 m, 2 . 4 8 ;  and 600 m, 1 . 3 2 .  

The maximum concentrations are found downwind from the plant in the pre- 

~ e c - m - ~  for the New Mexico plant. The x/Q 

100 m, 

vailing wind direction. Average concentrations at 0.5  mile (800 m) from 

the plant are about 47% of the maximum levels. 

The 5-m release height is a conservative assumption. Higher release 

heights result in slightly lower x/Q values because of greater dilution, 
while lower release heights produce even lower x/Q values because of 
greater ground deposition of particulates near the point of release with 

consequent greater depletion of the plume within the plant boundary. For 

example, at 0.5 mile ( 8 0 0  m) from the midwestern plant, maximum values of 

x/Q for long-lived radioactive particulates are 2.34  x 

and 3.70 x 

3.89  x 

s e c ~ m - ~  for release heights of 0, 5 ,  and 10 m, respectively 

7.1.3 Population 

Population distributions representative of midwestern and western 

(milling) environments were derived. The population distribution for the 
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midwestern site is the average around two fuel fabrication plants and 

one reprocessing plant in the area. Distributions for a site near a 

large city, St. Louis, Missouri, are included in the averaging. The 

distribution for the western site is the average for five actual sites 

of uranium mills in New Mexico and Wyoming. 

Average population distributions are calculated from data sets for 

areas determined by the latitude-longitude coordinates specified in 

Table 7.1. 

summarized from 1970 Census Bureau tape records to obtain representative 

distributions for midwestern and western (milling) regions (Tables 7.2 

and 7.3). The computer code PANS12 provides sector summaries for annuli 

bounded by distances of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10, 15, 25, 35, 45, 
and 55 miles. The sector summaries correspond to the same sectors in the 

16 compass directions for which x/Q values are calculated. 
code summaries of population data from census tapes are accurate beyond 

a 5-mile radius. 

areas, distributions are somewhat disconnected because census enumeration 

districts encompass several sectors, whereas the population records are 

reported in a single sector. 

smooths the major discontinuities. 

Actual population distributions from these locations were 

The computer 

Within 5 miles, where sectors represent relatively small 

Averaging data from several locations 

Population distributions for the two sites of the model UFg production 

facilities have different characteristics (Tables 7.2 and 7.3). The mid- 

western site includes small towns and one large city as well as rural 

agricultural areas within the 55-mile (88-km) radius, while the western 
(milling) site is in a sparsely settled, arid region. The population den- 

sity of the midwestern site within the 5-mile (8-km) radius of the plant 
is 95 individuals per square mile. The density increases to 126 individu- 

als per square mile in the 10- to 25-mile (16- to 40-km) annulus and to 440 
individuals in the 25- to 55-mile (40- to 88-krc) annulus, which includes 

the large city. 

mile (88-km) radius is estimated to be about 3.6 million persons. By 
comparison, average data for western milling sites (Table 7.3) show no 

individuals at distances of less than 1 mile, four individuals per square 

mile in the 1- to 5-mile annulus (4% of the midwestern density), ten in 

Cumulative population in the area encoppassed by the 55- 
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the 5- to 10-mile annulus (8% of the.midwestern density), three in the 

10- to 35-mile annulus, and only seven in the 35- to 55-mile annulus, 
even though it includes several small towns. Cumulative population in 

the area encompassed by the 55-mile radius is only about 53,000 persons, 

or %1.5% of the population around the midwestern site. 

7.1.4 Dose conversion 

Concentrations of radionuclides in the air and on the soil surface 

are used to estimate the radiation dose to individuals at various distances 

and directions from the model plant. The dose conversion factors for sub- 

mersion in the airborne effluent, exposure to contaminated ground surface, 

and intake of radionuclides through inhalation and ingestion are calculated 

with computer codes l3 'I4 which use dosimetric criteria of the International 
Commission on Radiological Protection (ICRP) and other recognized authori- 

ties. The dose conversion factors for most radionuclides are based on 

ICRP-2;15 however, the factor proposed in ICRP-1016 is used for 226Ra. 

This new 226Ra value is about one-sixth of the ICRP-2 value. Estimates 

of the intake of radionuclides by man through terrestrial food chains are 

made with a model and a computer code,4 incorporated within AIRDOS-11, 

which considers transfer of all radionuclides to man via ingestion of crop 

plants, beef, and milk. The methodology used in estimating radiation 

doses is given in OW-4992. 1 

Many of the basic environmental parameters used in this model are 
conservative (i.e., the values are chosen to maximize intake by man). 
Many factors which would reduce the radiation dose, such as shielding 

provided by dwellings and time spent away from the reference location, 

are not considered. It is assumed that an individual lives outdoors in 

the reference location 100% of the time. Doses are calculated for the 

final period of plant operation where there is a 30-year accumulation of 

deposited radioactive materials on the ground surface outside the property. 

In estimating doses via ingestion of plants, meat, and milk, an individual 

is assumed to obtain all his food at the reference location specified in 

the dose calculation. This event, although not impossible, is extremely 

unlikely. In addition, since the solubility of the radionuclides in body 
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fluids is not known, the model conservatively assumes that particles which 
are inhaled are insoluble, and not excreted from the body, while radio- 

nuclides which are eaten are soluble and therefore most likely to be 

absorbed. Thus, individual dose estimates calculated by these methods 

are higher than actually expected. 

7 . 2  Environmental Impact During Operations for Plant Feed 
Containing ItLow" Levels of 230Th and 226Ra Impurities 

The environmental assessment of a model solvent extraction-fluorination 

(SX-F) UF6 plant processing a feed containing 2800 pCi of 230Th and 200 pCi 

of 226Ra per gram of natural uranium is presented in the following sub- 

sections. The major emphasis is on this "low-impurity" feed, which is a 

composite of the yellow cake produced by domestic mills in recent years. 

For comparative purposes, the environmental impact of a plant processing 

feed containing "high" levels of 230Th and 226Ra is considered in Sect. 7 . 4 .  

17 

7 . 2 . 1  Radiation dose commitments from airborne effluents 

7 . 2 . 1 . 1  Doses to individuals. The maximum annual total-body and organ 

doses to individuals from all airborne effluents at' 0.5 mile (800 m) from 

the operating model SX-F UF6 plant are summarized in Table 7 . 4 ,  assuming 

a 5-m release height and production of all food locally. Appropriate dose 

reduction factors can be applied when (1) the release height is lower or 
higher than 5 m (Sect. 7.2.1.51, and ( 2 )  the food source is known (Sect. 
7.2.1.4). The doses to organs not listed are equal to, or less than, the 

value shown for total-body dose. 

I 

At the midwestern site, the maximum annual individual total-body dose 

(Table 7 . 4 )  decreases from 3.0 mrem in Case 1 to 1.0 mrem in Case 2 ,  which 

is about the practical limit of present technology (Sect. 4 . 0 ) .  Additional 

dose reduction t o  1.9 x mrem is illustrated in Case 4 .  The dose to 

the bone (28 mrem in Case 1) is approximately nine times higher than the 
total-body dose, while the doses to lungs and kidneys are, respectively, 

six and two times higher. 

to body organs by more than one-half those for Case 1. 

Treatment Case 2 is effective in reducing doses 

Maximum individual 
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doses for the western (New Mexico) site are about 30% higher than for the 

midwestern site; however, the population distribution indicates that the 

probability of an individual residing within a 1-mile radius of the plant 

(Table 7.3) is low. 

Doses attributable to the different types of airborne plant effluents 

Dose reductions for the bone dose from are presented in Tables 7.4a-7.4e. 

Case 1 to Case 2 were significant for both the process dust control 

effluent (from 15 mrem to 2.1 mrem, at the midwestern site, Table 7.4a) 

and the process off-gas (from 7.4 mrem to 1.1 mrem, Table 7.4b). If dose 
reduction beyond Case 2 is desired, it is more effective to apply treatment 

to the building ventilation effluent (reduction of the bone dose from 5.9 

mrem in Case 1 or 2 to 0.7 mrem in Case 3)  than to apply additional treat- 

ment to the process dust control or process off-gas effluents. Cases 1 
and 2 have a radon emanation from radium-containing radwastes which are 

impounded near the plant, as well as the radon gas release from plant 

processes (Sect. 4.4.15). This is similar to the situation at a uranium 

mill where radon releases occur both from the tailings (e.g., waste) impound- 

ment and from the mill. In Case 1, the total annual radon dose to the lungs 
from a 30-year accumulation of wet radwaste sludges (Sect. 4.4.11.4) is 
estimated as 0.2 mrem (midwestern site, Table 7.4e). In Case 2, the model 

is a 15-year accumulation of solid and liquid radwastes without BaC03 treat- 

ment (Sect. 4.4.11.5), and the radon lung dose is estimated as 2.7 mrem at 
the midwestern site (Table 7.4e). This is about one-third of the total lung 

dose in Case 2 (Table 7.4). The dose in Case 2 is slightly higher for the 

New Mexico site (3.0 mrem). In the advanced case studies the radwastes are 
shipped off-site, thus eliminating the major radon source at the UFg plant 

(Sects. 4.4.11.6, 4.4.11.7, and 4.4.14). The radon dose to the lungs from 

plant processes in Cases 3 and 4 is less than 0.1 mrem; however, preparation 
of the radwaste for shipment may generate airborne dusts. Case 3 includes 

drying and drumming the radwaste sludges (Sect. 4.4.11.6). Assuming dust 

control that is typical of the case level (e.g., primary and secondary bag 

filters), the annual bone dose from handling the radwaste is estimated as 

1 mrem (Table 7.4d). Case 4 incorporates the bulk of the wet sludges in 
cement and has only a very small radwaste dust release associated with the 

nitrate recovery circuit (Sect. 4.4.11.7). 
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7 . 2 . 1 . 2  Doses to population. The annual dose commitments from air- 

borne effluents to the population living within 55 miles (88 km) of the 

model SX-F UFg plant are summarized in Table 7 . 5 .  

the population total-body dose decreases from 3 . 2  person-rem in Case 1 
to 1.0 person-rem in Case 2 ,  while the population bone dose decreases 

from 26 person-rem to 2.5  person-rem. Population doses are much lower 

at the sparsely settled New Mexico site, for example, <0 .1  person-rem 

total body and <1 person-rem bone in all cases. 

At the midwestern site 

7 . 2 . 1 . 3  Exposure modes aad radionuclides. The relative contributions 

of exposure modes to the maximum annual individual total-body dose from 

airborne effluents are given in Table 7.6 for Case 1. Exposure from 

contaminated ground accounts for 55% of the total-body dose, inhalation 

for 28%, and ingestion of contaminated food for 1 7 % .  

The relative contributions of the principal radionuclides to the doses 

from airborne effluents are presented in Table 7 . 7 .  Most of the total-body 

dose ( 9 3 % )  is due to the uranium isotopes, while only about 7% is due to 

the combined 226Ra and 230Th present in the "low-impurity': feed. 

mately 80% of the bone and kidney doses are due to the uranium isotopes. 

The uranium isotopes are also the principal contributors ( 9 5 % )  to the lung 

dose. In Case 1, only a little more than 1% of the lung dose and %0.2% 

of the total-body dose are due to the 222Rn released; however, in Case 2 
about one-third of the lung dose is due to the 222Rn (Tables 7 . 4  and 7.4e). 

Approxi- 

The relative contributions of the principal radionuclides to the 

exposure modes for airborne effluents are shown in Table 7 . 8 .  The uranium 
isotopes are the source of ~ 9 4 %  of the fotal-body dose via the ingestion 

pathway. Although most.of the total-body dose via the inhalation pathway 

is the result of 234U and 238U ( 7 2 % ) ,  27% can be attributed to t h e  230Th. 

Essentially all of the total-body dose resulting from contaminated ground 
surfaces is accounted for by the uranium radionuclides, mainly 238U ( 6 9 % ) .  

As with the total-body dose, most of the dose to the bone, lung, or kidney 

via the ingestion pathway is due to the uranium radionuclides (194%). 
However, the 230Th radionuclide via the inhalation pathway is an important 

contributor to the bone and kidney doses, accounting for ~ 4 5 %  of the dose 
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from t h i s  exposure mode. Rad ia t ion  doses  t o  organs  are l a r g e l y  dependent 

on t h e  s p e c i f i c i t y  of c e r t a i n  r a d i o n u c l i d e s  t o  accumulate i n  c e r t a i n  

organs .  

7.2.1.4 E f f e c t  of food source  on dose.  It i s  u n l i k e l y  t h a t  t h e  e n t i r e  

food supply of t h e  i n d i v i d u a l  r e c e i v i n g  t h e  maximum exposure would b e  pro- 

duced l o c a l l y ,  t h a t  i s ,  0.5 m i l e  (800 m) downwind from t h e  p l a n t  i n  t h e  

p r e v a i l i n g  wind d i r e c t i o n .  Doses t o  t h e  i n d i v i d u a l ,  assuming t h a t  none 

(0%) of h i s  food i s  produced l o c a l l y ,  are shown i n  Table  7.9.  Doses t h a t  

may be  a p p l i e d  when t h e  food source  i s  known are  p resen ted  i n  Tables  7.10a- 

7.10d. I n  Cases 1-3, i f  on ly  10% of t h e  food i s  produced l o c a l l y ,  t h e  

to ta l -body doses  are %77% and t h e  bone doses  are 1.64% of those  based on 

100% l o c a l  food. A d i e t  of food produced 2 m i l e s  downwind of t h e  p l a n t  i n  

t h e  p r e v a i l i n g  wind d i r e c t i o n ,  o r  1 m i l e  from t h e  p l a n t  i n  an  average  wind 

d i r e c t i o n ,  would b e  roughly e q u i v a l e n t  t o  a d i e t  of 10% food produced 

0 .5  m i l e  downwind and 90% imported food. The food i n g e s t i o n  pathway has  

l i t t l e  e f f e c t  i n  Case 4 ,  where t h e  doses  are very  low (Table  7.10d).  

7.2.1.5 E f f e c t  of release h e i g h t  on dose.  F a c t o r s  f o r  e s t i m a t i n g  

doses  t o  i n d i v i d u a l s  as a f u n c t i o n  of t h e  release h e i g h t  from ground level 

t o  30 m (100 f t )  are  p resen ted  i n  Table  7 .11 .  A t  t h e  midwestern s i t e ,  t h e  

maximum i n d i v i d u a l  total-body dose f o r  a 30-m-high release i s  32% of t h e  

dose  from a 5-m-high release, w h i l e  t h e  dose  from a 1-m-high r e l e a s e  i s  

63% of t h a t  from t h e  5-m-high release. With a low release h e i g h t ,  more 

p a r t i c u l a t e s  are depos i t ed  on t h e  ground w i t h i n  t h e  s i t e  boundary; w i t h  a 

h igh  release h e i g h t ,  t h e r e  i s  g r e a t e r  a tmospher ic  d i l u t i o n .  Thus, a 30-m 

s t a c k  on a UFg p l a n t  whose e f f l u e n t s  are predominant ly  p a r t i c u l a t e s  w i l l  

reduce t h e  dose t o  t h e  i n d i v i d u a l  a t  t h e  s i t e  boundary because of g r e a t e r  

d i l u t i o n ,  bu t  i t  w i l l  a l s o  i n c r e a s e  t h e  popu la t ion  exposure because more 

r a d i o a c t i v e  materials are d i s p e r s e d  beyond t h e  s i t e  boundary. 

7 .2 .1 .6  E f f e c t  of d i s t a n c e  from p l a n t  on dose.  The dose  t o  t h e  

i n d i v i d u a l  dec reases  r a p i d l y  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  p l a n t  

(Table  7 . 1 2 ) .  For example, t h e  dose  a t  5 m i l e s  (8 km) i s  only  1% of t h a t  

a t  0.5 m i l e .  I n  t h e  model, a l l  exposure w i t h i n  t h e  0.5-mile r a d i u s  i s  of 

occupa t iona l  o r i g i n ,  which is  n o t  p a r t  of t h i s  s tudy ,  and no food i s  
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produced on-site. If the site boundary were less than 0.5 mile, the dose 
factors for a low-level release would be approximately proportional to the 

x / Q  air concentrations given in Sect. 7.1.2. 

7.2.1.7 Doses to biota other than man. The estimated maximum doses 

to man (total body) in SX-F Case 1 range from 3.0 to 4.2 mrem/year for 

individuals located 0.5 mile from the facility. The radiation doses to. 

terrestrial animals living around the site would be similar. Small mam- 

mals, such as rodents and rabbits, and larger animals, such as deer, would 

also be subjected to exposures via immersion in air, contaminated ground, 

and inhalation. These animals would receive additional exposure via their 

particular food chains. 

7.2.2 Radiological impact of liquid effluents 

In Cases 1-3 the model UFg plant has a liquid effluent which may 

potentially contribute to the radiation dose to man. In Case 4 ,  there is 

no liquid effluent containing radioactive materials and hence no potential 

dose via aquatic pathways. Two types of sites are considered: (1) release 

to a small, 15-cfs (0.4-m3/sec) stream, and (2) release to a 1300-cfs 

(37-m3/sec) river. 

water (swimming), ingestion of water, and eating fish from the waters 

around the model plant. Use of waters for irrigation is not included. It 

is difficult to predict population distribution along a river; therefore, 

no attempt is made to estimate population doses for liquid effluents. 
Dose conversion factors for most radionuclides are based on data presented 

in ICRP-Z.~~ 

Doses to individuals are estimated for submersion in 

The new value proposed in ICRP-1016 is used for 226Ra. 

7.2.2.1 Doses to individuals. Annual dose commitments to total 

body and bone from using the waters around the model SX-F UF6 plant are 

presented in Table 7.13. In Case 1, liquid wastes are treated before 

being released to remove radioactive materials and heavy metals, but not 

nitrate. 

(0.94 mrem total body) of those from the Case 1 airborne effluents, while 

doses from using the 1300-cfs (37-m3/sec) river (0.01 mrem total body) are 
less than 1% of those from airborne effluents. It is unlikely that 

Doses from using the 15-cfs (0.4-m3/sec) stream are about 30% 
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individuals would routinely use the 15-cfs stream of Case 1 as a source 

of drinking water or fish, or for swimming, because of its small size 

and the presence of nonradioactive chemicals. 

unlikely to receive the 15-cfs stream dose. 

nus, individuals are 

It is more probable that 

the river would serve as the water supply for a segment of the population. 

Drinking the water and eating the fish account for about 65% and 35% of 

the dose, respectively, with swimming contributing about 0.005% (Table 7.13). 

In Case 1, 226Ra contributes %52% of the dose from drinking water and >80% 

of the dose from eating fish (Table 7.14). 

In Case 2 the liquid nitrate waste from solvent extraction, which is 

the principai source of the 226Ra, is impounded. 

in reducing the doses via aquatic pathways to very low levels (e.g., 
1 x mrem total body and 2 x mrem bone from the 15-cfs stream). 

Case 2 does not address the final disposal of the liquid nitrate waste. 

Additional exposure to radioactive materials may be associated with the 

disposal of this waste. There is also a potential for accidental releases 

via dike failure or seepage through cracks in the liner. In Case 3 ,  treat- 

ment is applied t o  remove the nitrate as well as the radioactive materials 

before releasing purified wastewater; doses are similar to those of Case 1. 

With most of the chemical pollution removed, the 15-cfs stream would be 

more attractive in Case 3 than in Case 1; however, because of its small 
size, it would probably not be very heavily used. -___ Case 4 has no liquid 

release carrying radioactive materials. 

This measure is effective 

7.2.2.2 Doses to biota other than man.' Radiation doses to aquatic 

plants, invertebrates, fish, and waterfowl aie estimated in Table 7.15 for 
the 15-cfs stream and the 1300-cfs river near the SX-F UFg plant. 

unlikely that higher organisms, such as fish or waterfowl, could tolerate 

living in direct liquid effluents because of the nonradioactive chemical 

concentrations and also because these effluents would not be found in a 

physical habitat conducive to higher aquatic life. 

living in the 15-cfs stream are almost 90 times higher than those esti- 

mated for biota living in the river where appreciable dilution takes place. 

Case 2 liquid radwaste treatment results in a dose reduction to the algae, 

invertebrates, fish, muskrat, and waterfowl of several orders of magnitude. 

It is 

Doses to organisms 
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Uranium-234, 238U, and 230Th are important contributors to the doses to 
plants, invertebrates, and fish (Table 7.16). Due to the relatively high 

bioaccumulation factor, 226Ra contributes almost 100% of the doses to 

muskrat and waterfowl. 

7.2.3 Total radiation dose from all pathways 

The annual individual total-body dose commitment of 3.0 to 4.2  mrem 

(Case 1, 1300-cfs stream) from liquid and airborne effluents from the 

model SX-F UFg plant through both the terrestrial and the aquatic pathways 

is ' ~ 3 %  of the normal background dose of 100 to 170 mrem/year in the United 
States. 

7 . 3  Radiation Dose from Long-Lived Radionuclides 
After Closure of the UFg Plant 

In this section, estimates are presented of future potential radiation 

doses to individuals and populations exposed to the long-lived radionuclides 

that are deposited on the land surfaces as the result of UFg plant operation. 

These estimates involve many complex considerations. Since all of the 

information necessary to make accurate predictions is not available, the 

estimates are based on the best current knowledge. Conservative assump- 

tions make it likely that the estimates of health consequence are well 

above the probable effects. A more-detailed assessment of the radiation 

exposure to future generations from long-lived elements has been included 

in a recent environmental analysis of the LMFBR program. 18 

This study is limited to an assessment of the postoperational impact 

of radioactive materials distributed in the environment while the facility 

is active. It does not address (1) the impact of releases during the 

period when the facility, particularly the Case 1 or Case 2 radwaste 
impoundment, is being decommissioned; (2) the long-term radon release from 

the waste; or ( 3 )  the potential for other long-term releases from the waste 

such as leaching by natural waters or seepage if the integrity of the 

container or liner should fail. Final disposition of the radwaste is at 

present unclear.'' While it seems unlikely, there is a remote possibility 

that the Case 1 or Case 2 radwaste impoundment near the UFg plant might 
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become the permanent waste repository. In that event, the population 

living around the site would be exposed to a long-term radon emanation 

from the waste in addition to the exposure to materials distributed 

while the facility was active. 

7 . 3 . 1  Postoperational source terms 

The model UF6 plant releases airborne dusts and small amounts of 

radon gas throughout each year of operation. In Cases 1 and 2 ,  radon 

is also released from the nearby radwaste impoundment. During this time, 

individuals and populations are exposed to a radioactive cloud from which 

they receive radiation doses due to immersion in the cloud and to inhala- 

tion. Radionuclides are deposited on the ground from the cloud and 

accumulate in the environment around the facility, causing external radia- 

tion exposure from contaminated ground and the ingestion of contaminated 

food. The radionuclides with long half-lives continue to expose the 

population after the plant has ceased operations. The total quantities 

of long-lived radionuclides released in Case 1 from the model SX-F UF6 

plant during a 30-year operation are listed in Table 7.17. These long- 

lived radionuclides (234U, 235U,  238U, 226Ra, and 230Th) will remain in 

the environment for generations. 

The,distribution of these radionuclides around the up6 plant must be 

estimated in order to define the radiation dose to the population. For 
this assessment, it is estimated that essentially all of the radioactive 

materials are deposited within a 55-mile (88-km) radius of the plant. 

Estimates of the deposition of particulates indicate that as much as 70% 

is deposited within 50 miles (80  km) when the release point is the top of 

a 100-m-high stack. Deposition for the 5-m-high release point assumed 

in this study is expected to be >70%. 

The average exposure to individuals and to the population is estimated 

by using the assumption that the radionuclides that are deposited during 

the operational lifetime of the model UF6 plant are uniformly distributed 

within the 55-mile radius area (2 .46  x 1O’O m2). The use of this assump- 

tion causes an underestimation of the dose to individuals living near the 

facility or in areas of the prevailing wind direction, and an overestimation 
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of the dose to individuals living in the outer annulus of the 55-mile 
radius of the plant. 

7.3.2 Postoperational pathways of exposure 

7.3.2.1 Resuspended air activity. After airborne particulates have 

been removed from the atmosphere and reach the ground by deposition and 

washout, they may again enter the atmosphere by resuspension processes. 

In this case, they may be inhaled. There is presently no general model 

which may be used to predict the levels of resuspended air activity by 

taking into account the geometrical configuration of the land surfaces, 

the parameters of host soil, the vegetation cover, and the meteorological 

conditions. These highly variable factors and others related to land use, 

such as the disturbance of soil surfaces by human activity, must be con- 

sidered in preparing a precise estimate of resuspended radioactivity. 

A resuspension factor can be estimated from measurements made above 

aged contaminated soil and from consideration of natural tracers such as 

238U. Resuspension factors of lo-’ and 10-lo-m-l were obtained from 

recent measurements of 239Pu made at the Nevada Test Site in an area 

contaminated 17 years previously. l8 
the vicinity of the Rocky Flats Plant several years after deposition indi- 

cated a resuspension factor of lo-’ m-’ (ref. 18). 
material of industrial origin, the data concerning movement of natural 

238U indicate that a realistic estimate of the resuspension of aged 

radioactive material in surface soil lies between lo-* and m-’ 

(ref. 9). 
An intermediate value of 1 x lo-’ is used in this survey to estimate the 
amounts of radioactive materials resuspended over a long period, of time 

in the regions around a UF6 plant facility. 

concentration is used to estimate the inhalation dose. It is assumed 

that the resuspension value remains constant even though the deposited 

radionuclides may not remain on or near the surface of the soil. 

a continuation in the reduction of the availability of these materials 

beyond the current measurement experience of 30 years can be expected. 

Thus, the use of a constant resuspension factor is a conservative 

Plutonium-239 measurements made in 

Discounting airborne 

This is in agreement with the field measurements f o r  239Pu. 

The resulting airborne 

Actually, 
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assumption which will maximize the estimated dose. 

are also assumed to enter terrestrial food pathways (vegetables, milk, and 

beef) via redeposition on foliage of crops and pastures. The following 

expression is used to estimate intake via inhalation of resuspended 

radionuclides : 

Resuspended radionuclides 

Ci intakeoyear-I = Ci*m-* x m-l x 7300 m3 inhaled-year-I. 

7.3.2.2 Ingestion of food. Plants may be contaminated by deposition 

of resuspended particulates onto foliar parts and by root uptake of isotopes 

leached from, or exchanged with, particles deposited in soil. Plant uptake 

studies show that uranium, radium, and thorium are strongly excluded from 

plant uptake and poorly translocated by plant systems. 
from experiments indicate that the concentration factors (concentration of 

dried plant material divided by concentration of dried soil) are about 

The general findings 

to Lower factors may occur under field conditions. Although 

various plant and soil types have been tested, the list is not all-inclusive. 

Long-term changes in plant uptake are unknown. 

on the effects of several competing processes, including a downward move- 

ment of radioactive materials in soil, which may reduce their availability 

to higher plants, and reactions with soil organic matter and microbial 

transformations, which may increase their availability. 

These changes would depend 

The fraction of these radionuclides that enters man via ingestion or 

inhalation will depend on their distribution, their chemical and physical 

behavior in the environment for thousands of years, and climatological 

conditions and land-use patterns specific to the area. Sufficiently 

detailed and accurate knowledge regarding the many factors influencing the 

movement of these elements through the environment over the periods of 

hundreds to tens of thousands of years, during which they may enter man 

through the ingestion pathway, is not available to permit a precise esti- 

mate of the dose to man. It is appropriate, therefore, to use conservative 
parameters and assumptions to estimate the amounts that may be ingested by 

the population. It is assumed that (1) plant material accumulates a 
concentration, 

(2)  downward movement of the radionuclides in the soil does not continue 

beyond the root zone (15 cm); and (3) radionuclides are not lost by drainage 

of radionuclides in the soil in which the plants grow; cf’ 



-197- 

of water. With a soil density of 1.5 g - ~ m - ~ ,  the radionuciides deposited 

on a square meter are contained in 2.25 x l o 5  g of soil. 
expression is used to estimate the intake via ingestion of plants: 

The following 

Cioyear-I ingested = (Ci0m-~/2.25 x l o 5  g m-2) x Cf x 9.12 x l o 4  g 
plant ingested- year-l , 

where the C values are 2.5 x for uranium, 3.0 x for radium, 

and 4.0 x 

contaminated via resuspended radionuclides is calculated using the TERMOD 

code. 

f 
for thorium. Additional intake from the ingestion of plants 

4 

7.3.2.3 Contaminated ground. Exposure via contaminated ground 2s 

also estimated. It is assumed that no deposited radionuclides are lost 

from the soil surface except through radioactive decay. 

7.3.3 Estimates of postoperational doses 

The radiation dose to an individual residing within the uniformly 

contaminated area of 9.5 x l o 3  square miles (2.46 x 1O1O m2) is estimated 
both for total body and for organs that are known t o  accumulate the long- 

lived radionuclides. 

3.6 x lo6 persons, the population within 55 miles (88 km) of the mid- 
western plant. No assumptions for population change are included. All 

radiation doses from ingestion and inhalation are 50-year dose commitments 

from 1 year of exposure (i.e., the dose an individual willaccrue over a 
50-year period from 1 year of intake of radionuclides). External doses 

(exposure to contaminated ground) are annual doses from 1 year of exposure. 
It is conservative to call a dose commitment an annual dose in the case 

of a single year's intake of long-lived radionuclides. However, dose 

Population doses are expressed as person-rems per 

commitments may approximate annual doses in situations where people are 

continually exposed over long periods of time and radionuclides have 

reached steady-state conditions in the environment. 

7.3.3.1 Individual and organ doses. As a result of the deposition 

of long-lived radionuclides, persons living within a 55-mile (88-km) radius 

of the model SX-F UF6 plant will continue to receive some radiation dose 
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above background long  a f t e r  p l a n t  o p e r a t i o n  has  been t e rmina ted .  The 

doses  p e r  y e a r  of exposure  t o  t h e  average  i n d i v i d u a l  f o r  t h e  v a r i o u s  

r a d i o n u c l i d e s  and exposure  modes are shown i n  Table  7.18. More t h a n  92% 

of t h e  to ta l -body dose  ( 2 . 8  x m r e m  i n  Case 1) r e s u l t s  from exposure  

t o  contaminated ground. 

2 3 3 U )  c o n t r i b u t e  abou t  99% of t h e  to ta l -body dose.  

doses  o u t  t o  55 m i l e s .  The dose  r ange ,  as a f u n c t i o n  of d i s t a n c e ,  w i l l  

v a r y  c o n s i d e r a b l y  over  t h e  55-mile area. 

The t h r e e  uranium i s o t o p e s  ( 2 3 4 U ,  2 3 5 U ,  and 

These are average  

The average  annua l  doses  t o  t h e  organs  r e s u l t i n g  from t h e  v a r i o u s  

r a d i o n u c l i d e s  are shown f o r  t h e  major i n t e r n a l  pathways i n  Table  7.18. 

The bone r e c e i v e s  t h e  h i g h e s t  o rgan  dose  ( 4 . 0  x m r e m  from i n g e s t i o n  

p l u s  i n h a l a t i o n  i n  Case l), which i s  about  f o u r  t i m e s  t h a t  t o  t h e  kidney 

and more than t w i c e  t h a t  t o  t h e  lungs .  Major c o n t r i b u t o r s  t o  t h e  bone 

dose  are 234U ( 4 4 % )  and 238U (41%) .  

7.3.3.2 P o p u l a t i o n  doses .  The annua l  to ta l -body dose  t o  t h e  popula- 

t i o n  is 1 . 0  person-rem p e r  3 .6  x l o 6  pe r sons  i n  Case 1 a f t e r  t h e  UFg p l a n t  

c l o s e s  and u n t i l  t h e  long- l ived  r a d i o n u c l i d e s  show s i g n i f i c a n t  decay 

(Tab le  7.19).  The t o t a l  body dose  i s  due almost e n t i r e l y  t o  uranium 

i s o t o p e s .  Less t h a n  10% of t h e  bone dose  can be a t t r i b u t e d  t o  230Th and 

226Ra ;  t h e  remainder i s  due t o  t h e  uranium i s o t o p e s .  

7.4 Environmental  Impact Durin Opera t ions  f o r  P l a n t  Feed 
Conta in ing  "High" Levels of 250Th and 2 2 6 R a  I m p u r i t i e s  

Recent sampling of UFg p l a n t  f e e d  i n d i c a t e s  t h a t  t h e  "low" l e v e l s  of 

230Th and 2 2 6 R a ,  i m p u r i t i e s  c i t e d  i n  S e c t .  7.2,  are t h e  most p robab le  

c o n c e n t r a t i o n s  t h a t  w i l l  occur  i n  t h e  p l a n t  f eed .17  

h i g h e r  c o n c e n t r a t i o n s  might p o s s i b l y  occur .  For comparison, a b r i e f  

assessment  of a model p l a n t  f o r  a f e e d  c o n t a i n i n g  "high" l e v e l s  of 230Th 

and 2 2 6 R a  ( e . g . ,  14,200 pCi of 230Th and 1600 p C i  of 2 2 6 R a  p e r  gram of 

'nat 
ment are t h e  same as t h o s e  f o r  t h e  "low-impurity'' f e e d .  

Although u n l i k e l y ,  

) i s  cons ide red  i n  t h i s  s e c t i o n .  Other parameters  used i n  t h e  assess- 
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7 . 4 . 1  Radia t ion  dose commitments from a i r b o r n e  e f f l u e n t s  

The maximum annual  doses  from t h e  a i r b o r n e  e f f l u e n t s  f o r  t h e  "high- 

impuri ty"  f eed ,  assuming t h a t  100% of t h e  food  consumed i s  grown l o c a l l y ,  

are p resen ted  i n  Table  7 . 2 0 .  The to ta l -body annua l  doses  f o r  Case 1 of 

4.0  and 5.6 m r e m  are 25% h ighe r  than t h e  comparable doses  f o r  t h e  "low- 

impur i ty"  feed  (Table  7 . 4 ) .  The doses  t o  t h e  bone and kidney are  h ighe r  

by approximately 45%,  p r i m a r i l y  as a r e s u l t  of t h e  i n c r e a s e  i n  t h e  230Th 

r a d i o n u c l i d e  via  t h e  i n h a l a t i o n  pathway. 

The doses  r e s u l t i n g  from a i r b o r n e  e f f l u e n t s ,  assuming t h a t  none of 

t h e  food consumed i s  grown l o c a l l y ,  are shown i n  Table  7 . 2 1 .  The bone 

dose i s  inc reased  by ~ 3 0 %  wi th  t h e  e l i m i n a t i o n  of t h e  i n g e s t i o n  pathway. 

With t h e  "low-impurity" feed  (Table  7 . 9 )  , t h e  comparable dose is decreased 

by 50%;  however, i n  t h e  case  of t h e  "high-impurity" f e e d ,  t h e  dec rease  is  

n o t  as g r e a t  because of t h e  importance of t h e  230Th v i a  t h e  i n h a l a t i o n  

pathway. 

The annual  doses  t o  t h e  popu la t ion  are shown i n  Table  7 . 2 2 .  The 

presence  of t h e  h ighe r  concen t r a t ions  of 230Th and 2 2 6 R a  i s  r e s p o n s i b l e  

f o r  an  i n c r e a s e  of %20% i n  t h e  t o t a l  body, 40% i n  t h e  bone, and 25% i n  

t h e  lung  popu la t ion  doses  over t h e  comparable doses  f o r  t h e  "low-level" 

impur i ty  feed  (Table  7 . 5 ) .  

7 . 4 . 2  Radio log ica l  impact of l i q u i d  e f f l u e n t s  

The annual  doses  t o  i n d i v i d u a l s  from l i q u i d  e f f l u e n t s  are given i n  

Table  7 . 2 3 .  

waters of t h e  r e c e i v i n g  stream is  %40% h i g h e r  and t h e  bone dose  i s  ~ 6 0 %  

h ighe r  f o r  t h e  "high-impurity" f eed  o p t i o n  than  are t h e  comparable doses  

f o r  t h e  "low-impurity" feed .  

2 2 6 R a  concen t r a t ion  i n  t h e  l i q u i d  e f f l u e n t ,  which c o n t r i b u t e s  t o  t h e  

i n t e r n a l  dose v i a  t h e  i n g e s t i o n  of water and f i s h .  

s o l v e n t  e x t r a c t i o n  wastes are impounded and on ly  t r e a t e d  off-gas  sc rub  

l i q u o r s  are r e l e a s e d ,  t h e  doses  f o r  t h e  "high-impurity" feed  op t ions  are 

about  t h e  same as those  f o r  t h e  "low-impurity" f eed .  

I n  Cases 1 and 3 ,  t h e  dose t o  t h e  t o t a l  body from us ing  t h e  

The i n c r e a s e  i s  due p r i m a r i l y  t o  t h e  h ighe r  

I n  Case 2 ,  where t h e  
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8.0 CORRELATION OF RADIOLOGICAL DOSE WITH COST OF WASTE TREATMENT 

The relationships between the annual costs of the radwaste treatment 
systems described in Sects. 4.0 and 6.0 and the environmental impact of 

radioactive releases (50-year dose comitment) described in Sect. 7.0 
are presented here for a model SX-F UF6 plant. 

estimates is about +30%, and the dose commitments represent maximum values. 

The effect of the various waste treatment methods on chemical releases is 

also noted, although the study does not address the environmental effects 

of chemical releases. The major emphasis of the study is on a plant 

processing a feed containing 2800 pCi of 230Th and 200 pCi of 226Ra per 

gram of U (Sect. 8.1). This "low-impurity" feed is a composite of the 

yellow cake produced by domestic mills in recent years.' For comparative 

purposes, the assessment of a plant processing feed containing "high" 

levels of 230Th and 226Ra is considered in Sect. 8.2. The discussion 

generally refers to the midwestern site, which is representative of the 

industry today and seems likely to be typical of the near future. Relation- 

The accuracy of the cost 

nat 

ships are also given in the tables for a New Mexico site to illustrate the 

effect of siting a refinery near the mills. 

The base case (Case 1) represents the minimum treatment necessary to 

operate the process. The principal objective is to recover the uranium 

and nitric acid when the economic value of the recovered product exceeds 
the treatment cost; other objectives are to decrease the amount of radio- 

active materials in liquid effluents and to reduce the emission of noxious 

fumes such as HF, NOx, and H2S, whose release would create unacceptable 

working condltions within the plant. Plant effluents are below the limits 

stipulated in 10 CFR 20, Appendix B, Table 11, but may not be acceptable 
chemically at all sites. 

of existing technology in the public domain. 

in the advanced cases is not available for immediate use either because 

it is not fully developed or because it is proprietary. Many of the models 

for the movement and concentration of radionuclides in the environment are 

receiving additional study to increase their accuracy. In all cases, the 

various assumptions made in estimating the makeup of the feed to the plant, 

Case 2 treatment is about the practical limit 

Much of the technology used 
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selecting the flows to the waste treatment systems, and 

ment efficiency ratings for equipment are realistically 

Conservative (i.e., maximizing) assumptions are used to 

determining treat- 

conservative . 
define the move- 

* 

ment of radionuclides in the environment and to select food and liquid 

consumption patterns. 

Costs are based on 1973 dollars to be consistent with other reports 

in this series. The cost of Case 1 waste treatment is considered to be 
a part of the base plant rather than an environmental protection cost 

since most Case 1 treatments are essential to the economic operation of 

the conversion process. The total annual costs for Cases 2-4 include 

all costs above Case 1 for treating airborne and liquid effluents and for 
storing solid waste on-site or packaging solids ready for shipment off- 

site. They do not include the costs of uranium recovery in cases where 

the economic value of the uranium justifies the treatment, shipment of 

solid waste off-site, final disposal of solids, decommissioning of the 

facility, or the added expense incurred by a uranium mill (in Case 4 )  of 

altering the chemical composition of the yellow cake. No credit is taken 

for recovered chemicals; however, credit is taken if Case 1 treatment is 
replaced by an advanced method. The costs do not include redundant 

(parallel) treatment units to ensure continued operation of complex systems 

in the event that one of the units should become inoperable. Emergency 

holding ponds are provided for the liquid nitrate-radwaste in Cases 3 and 

4 .  The biological treatment system where a supply of actively growing 

biomass must be continuously maintained has parallel bioreactors. 

Cost-vs-benefit comparisons are presented first in summary form for 

the combined waste treatment packages for each case and then separately 

for the major components. The gross comparisons mask many features, in- 

cluding the relative costlbenefit of alternative procedures. The annual 
costs of treatment systems that would reduce the amount of radioactive 

materials released in airborne effluents are analyzed in conjunction with 

* 
Source terns and flows are based on operating data if available. When 
data are not available, assumptions are chosen which tend to make the 
doses or costs slightly high. 
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the maximum doses to individuals and to population out to a distance of 

55  miles ( 8 8  km). The dose commitments from the gaseous effluents are 

reported both for total body and for organs receiving doses higher than 

the total-body average (i.e., bone, lung, and kidney). Other body organs 

that are discussed in Sect. 7 . 0 ,  but will not be considered here, are 

GI tract, thyroid, muscle, liver, spleen, testes, and ovaries. The annual 

costs of liquid treatment systems are correlated with the total-body and 

bone doses to individuals from a 15-cfs stream and a 1300-cfs river, and 

also with the chemical releases. All settling basins and ponds are lined 

with synthetic material and provided with an underground seepage assessment 

system to minimize losses of radioactive materials. 

incorporation of the solid radwastes that contain the bulk of the radio- 

active materials in cement. 

tion from the environment in case the integrity of the drum should fail 

and reduces the potential for leaching by natural waters as well as pro- 

viding a radon diffusion barrier. 

conservative treatment at a semiarid site. 

fall, high water tables, or geologic faults, such treatment becomes more 

beneficial. 

Case 4 also includes 

The cement medium provides additional isola- 

This would probably be considered a 

At other sites with high rain- 

8 . 1  Cost and Benefit Correlations for the SX-F Model Plant 
Processin Feed Containing "Low" Levels of 

23fTh and 226Ra Impurities* 

8.1.1 Cost and benefit summary for combined waste-treatment packages 

The total annual costs for reduction of the radiological dose commit- 

ment and chemical exposure to the population surrounding the model SX-F 

UFg production plant processing the "low-impurity" feed are summarized in 

Tables 8 . 1  and 8 . 2  for the midwestern and New Mexico sites. The amount 

of solid waste generated by the advanced liquid waste treatment systems 

is included since this waste increases the amount of land permanently 

committed. 

$712,000 for Case 2 to $3,362,000 for Case 4 at the midwestern site, 

equivalent to a contribution to power cost of 0.0013 to 0.0062 mill/kWhr. 

The total annual cost increases over the base-case range from 

k 
Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of 

'nat * 
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The e s t ima ted  c a p i t a l  c o s t  of t h e  base  p l a n t ,  i n c l u d i n g  t h e  Case 1 

off -gas  t r ea tmen t ,  i s  $35 m i l l i o n .  The i n c r e a s e s  i n  c a p i t a l  c o s t s  range 

from $2.23 m i l l i o n  f o r  Case 2 t o  $7.90 m i l l i o n  f o r  Case 4 ,  o r  6 t o  23% 

of t h e  c o s t  of t h e  base  p l a n t .  

8 .1 .2  Cost and b e n e f i t  c o r r e l a t i o n s  f o r  a i r b o r n e  e f f l u e n t s  

The t o t a l  annual  c o s t  i n c r e a s e  f o r  r e d u c t i o n  of t h e  dose and gaseous 

HF exposure from a l l  a i r b o r n e  e f f l u e n t s  i s  p resen ted  i n  Table  8.3 f o r  t h e  

midwestern s i te .  For t h e  base  p l a n t ,  t h e  maximum annual  i n d i v i d u a l  dose 

commitments a t  0 .5  m i l e  (800 m) are 3.0 m r e m  t o  t h e  t o t a l  body and 28 m r e m  

t o  t h e  bone ( t h e  h i g h e s t  o rgan  d o s e ) ,  and t h e  annual  t o t a l  popu la t ion  doses  

o u t  t o  55 m i l e s  (88 km) are es t ima ted  as 3.2 person-rem t o  t h e  t o t a l  body 

and 26 person-rem t o  t h e  bone. 

only t rea tment  e s s e n t i a l  t o  t h e  economic o p e r a t i o n  of t h e  process .  I n  t h e  

base  case, t h e  d u s t  c o n t r o l  e f f l u e n t  from d r y  materials handl ing  c o n t r i b u t e s  

%50% of t h e  dose ,  t h e  p rocess  of f -gas  %30%, and t h e  b u i l d i n g  v e n t i l a t i o n  

e f f l u e n t  %20% (Tables  8 . 3 a - 8 . 3 ~ ) .  The a d d i t i o n  of secondary bag f i l t e r s  

and sc rubbe r s  on t h e  p rocess  a t  an  annual  c o s t  of $255,000 reduces t h e  

maximum i n d i v i d u a l  doses  t o  1 . 0  m r e m  t o t a l  body and 9.4 m r e m  bone. The 

c o s t / b e n e f i t  r a t i o  of t h e  dose  r e d u c t i o n  from Case 1 t o  Case 2 i s  h igh  -- 
$130,00O/mrem t o t a l  body and $13,00O/mrem bone f o r  t h e  f encepos t  i n d i v i d u a l ,  

o r  $120,000/person-rem t o t a l  body and $ll,OOO/person-rem bone f o r  t h e  gen- 

eral  popu la t ion ,  o u t  t o  55 miles (88 km) a t  t h e  midwestern s i te .  

a l s o  reduces  t h e  a i r b o r n e  HF release from 24 kg/day t o  0.4 kg/day. 

i s  about  t h e  p r a c t i c a l  l i m i t s  of present-day technology.  Fu r the r  dose 

r educ t ions  u s i h g  advanced technology are p o s s i b l e ,  b u t  expens ive ;  an annual  

c o s t  of $617,000 i n  Case 3 reduces  t h e  maximum dose t o  t h e  i n d i v i d u a l  t o  

0 .4  m r e m  t o t a l  body and 4 m r e m  t o  t h e  bone, w h i l e  an annual  c o s t  o r  $1461 

(Case 4 )  f u r t h e r  reduces  t h e  doses  t o  0.002 m r e m  t o t a l  body and <0 .1  m r e m  

t o  any organ.  The Case 3 c o s t s  i n  Table  8 . 3  are  n o t  d i r e c t l y  comparable t o  

those  f o r  t h e  o t h e r  c a s e s  because they  i n c l u d e  $137,000 f o r  secondary bag 

f i l t e r s  t o  c o n t r o l  radwaste  d u s t s  genera ted  by t h e  l i q u i d  and s o l i d  waste 

t r ea tmen t  systems. (These streams are c o t  p r e s e n t  i n  Cases 1, 2 ,  and 4.)  

Cos ts  of t h e  o t h e r  d u s t  c o l l e c t o r s  f o r  t h e  advanced l i q u i d  radwaste  treat-  

These doses  are f o r  a base  p l a n t  c o n t a i n i n g  

Case 2 

This  

ment systems a r e  inc luded  i n  Table  8 .5  as a l i q u i d  waste c o s t .  
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8 .1 .2 .1  P rocess  d u s t  c o n t r o l .  C o s t / b e n e f i t  r e l a t i o n s h i p s  are 

p resen ted  i n  Tables  8.3a and 8 .4a  f o r  t h e  p r o c e s s  d u s t  c o n t r o l  ( exc lud ing  

d u s t s  genera ted  by l i q u i d  waste t r e a t m e n t  sys t ems) .  The a d d i t i o n  of 

secondary bag f i l t e r s  i n  Case 2 a t  a n  annua l  c o s t  of $198,000 lowers  t h e  

maximum i n d i v i d u a l  to ta l -body dose  from d u s t  c o n t r o l  a i r  from 1.5 m r e m  

t o  0.2 m r e m  and t h e  bone dose  from 15 m r e m  t o  2 m r e m  (midwestern s i t e ,  

Table  8.3a). The inc remen ta l  annua l  c o s t - b e n e f i t  f o r  t h e  t o t a l  popu la t ion  

is  $140,000/person-rem t o t a l  body and $18,000/person-rem bone. 

f i l t e r s  (Case 4) are  e f f e c t i v e ,  b u t  expens ive ,  i n  f u r t h e r  r educ ing  t h e  

dose.  

HEPA 

8.1.2.2 P rocess  o f f -gas  ( r a d i o l o g i c a l  a s ses smen t ) .  I n  Case 2,  t h e  

a d d i t i o n  of a high-energy v e n t u r i  s c rubbe r  t o  t h e  r e d u c t i o n  of f -gas  and 

secondary s c r u b b e r s  t o  t h e  h y d r o f l u o r i n a t i o n ,  f l u o r i n a t i o n ,  and f l u o r i n e  

c e l l  o f f -gases  a t  an  annua l  c o s t  of $57,000 reduces  t h e  maximum i n d i v i d u a l  

bone dose  from 7 mrem/year t o  1 mrem/year and HF release from 24 kg /yea r  

t o  0.4 kg /yea r .  The inc remen ta l  c o s t / b e n e f i t  f o r  t h e  g e n e r a l  popu la t ion  

i s  $69,000/person-rem t o t a l  body and $9,500/person-rem bone (Tables  8 .1 ,  

8 .3b ,  and 8 .4b ) .  F l u o r i n a t i o n  i s  t h e  s o u r c e  of %75% of  t h e  r a d i o a c t i v e  

materials (Table  4 . 6 a ) .  The re fo re ,  t r e a t i n g  t h e  f l u o r i n a t i o n  stream a l o n e  

a t  a n  annual  c o s t  o f  $11,000 w i l l  b e  a lmost  as e f f e c t i v e  i n  reducing  t h e  

dose  as t r e a t i n g  a l l  t h e  p rocess  o f f -gas  streams, b u t  w i l l  have on ly  a 

s m a l l  e f f e c t  on t h e  H F  release (Table  4 . 7 ) .  Case 3 t r e a t m e n t  of  t h e  ash 
degass ing  and UFF, sampling stream i s  of  margina l  b e n e f i t  s i n c e  t h i s  s t r e a m  

carries l i t t l e  uranium (Table  8 .4b) .  I n  Case 4 ,  most of  t h e  r a d i o l o g i c a l  

b e n e f i t  comes from t h e  UFg c leanup r e a c t o r  and t h e  HEPA f i l t e r s .  The 

s tudy  assumes t h a t  s av ings  i n  uranium r e c y c l e  c o s t s  w i l l  b e  s u f f i c i e n t  t o  

cover  t h e  c leanup r e a c t o r  once t h e  technology becomes a v a i l a b l e ;  t h e  c o s t  

of t h e  HEPA f i l t e r s  i s  $2,40O/year.  The -84°C condensers  ( ~ $ 1 2 0 , 0 0 O / y e a r ) ,  

which are  inc luded  t o  reduce  t h e  amount of HF i n  t h e  p r o c e s s  o f f -gas ,  have 

a n e g l i g i b l e  e f f e c t  on r a d i o l o g i c a l  releases. 

8.1.2.3 Bu i ld ing  v e n t i l a t i o n  e f f l u e n t .  Treatment  of t h e  b u i l d i n g  

v e n t i l a t i o n  e f f l u e n t  w i t h  b a f f l e  ( o r i f i c e )  s c r u b b e r s  w i l l  r educe  t h e  

maximum annual  i n d i v i d u a l  to ta l -body dose  a t  t h e  midwestern s i t e  by 

%0.5 m r e m  and t h e  bone dose  by %5 m r e m  (Table  8 .3c ,  Case 3). This  is  
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expensive because of the large volume of air that must be treated -- 
$380,000/person-rem total-body and $44,000/person-rem bone (Table 8.4~). 

8.1.2.4 Radwaste drying and drumming. The maximum individual total- 

body and bone doses for drying and drumming the radwaste solids in Case 3, 

assuming primary and secondary bag filters on the off-gas, are estimated 

as 0.03 and 0.78 mrem respectively (Table 7.4d). Without the secondary 

bag filters ($120,00O/year) these doses would be approximately seven times 

higher, or 0.2 and 6 mrem. The secondary bag filters are included to be 

consistent with the Case 3 philosophy. However, if radwaste drying were 

used in combination with Case 2-level airborne treatment, the secondary 

bag filters could be omitted with some cost savings and still meet the 

4 0  CFR 190 environmental standards of 5 mrem maximum to the total body 
and 25 mrem maximum to any organ other than thyroid. 

8.1.2.5 Hydrogen fluoride. Fluorides are a matter of concern in the 

The most important effect appears to be fluorosis of cattle environment.’ 

caused by ingestion of vegetable matter that has collected fluoride- 

containing dusts. In addition, many plants are susceptible to HF in 

concentrations as low as 0.02 to 0.05 ppm. Hydrofluorination and the 

fluorine cells are major sources of HF in the base case, contributing 35 

and 42%, respectively, of the total released (Table 4.7). Hydrogen 

fluoride releases can be reduced from 24 kg/day to 6 kg/day by adding a 

KOH scrubber to each of these off-gas treatment systems at a total annual 

cost of about $34,400. If a KOH scrubber is also added to the fluorina- 
tion stream, the HF release is f u r t h e r  reduced t o  0 .4  kglday at an annual 

cost of $11,200. Case 2 adds secondary scrubbers for HF on all three 

streams. Case 4 has a more efficient fluorine cleanup reactor and more 
efficient condensers to lower the HF concentration in the process off-gas. 

The savings in fluorine cost is assumed to cover the cost of the cleanup 
reactor when the technology becomes available. 

which have an additional annual cost of ~120,000, reduce the HF release 

by only about 0.13 kg/day. Although these condensers cannot be justified 
from an off-gas standpoint, they serve as a means of reducing the load to 

the liquid fluoride waste treatment systems (Sect. 8.1.3.3). 

The -84°C consensers, 
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8.1.2.6 Other airborne chemical releases. Other gaseous chemical 

releases from the process include an estimated 440 kg of hydrocarbons 
(hexane), 260 kg of NO2, and 27 kg of SO2. In addition, there will be . 

combustion products from heating the plant and operating motor vehicles, 

as well as effluents from some of the liquid waste treatment systems 

(e.g., the Case 3 lime furnace or Case 4 NO absorber). In the rural 

environment typical of the conversion industry, these releases are not 

presently a matter of concern; thus, no treatment is provided beyond the 

base case. 

X 

8.1.3 Cost and benefit correlations for liquid and solid waste-treatment 
systems 

In the base case, the annual individual total-body and bone doses 

from liquid effluents after dilution by the 1300-cfs (37-m3/sec) river 

are 0.01 and 0.15 mrem respectively (Table 8.5). Doses from using the 

waters of the 15-cfs (0.4-m3/sec) stream are 90 times higher. However, 

it is unlikely that an individual would routinely use the 15-cfs stream 

as a source of drinking water or fish, or as a locale for swimming, 

because of its small size and the high chemical content--20 MT/day. 

Case 1 illustrates that, at most sites, relatively simple treatment with 

BaC03 (to remove 99% of the radium) followed by lime neutralization is 
sufficient to remove most of the radioactive materials. For the model 

SX-F UFg plant, the release o r  potential for release of large quantities 

of chemicals, particularly nitrate and fluoride, is of greater concern 

than the radiological releases. Therefore, the primary emphasis of the 

liquid waste treatment case studies is the removal of chemicals, although 
radioactive materials are also removed. 

The costs of the liquid waste treatment systems, including handling 

the solids generated by these systems, are correlated with the doses from 

the 1300-cfs stream and with the chemicals released in Table 8.5. The 

total annual cost increase to the UFg plant operator for the liquid waste 

treatment packages ranges from $456,000 in Case 2 t o  $2.0 million in 

Cases 3 or 4. 
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8.1.3.1 Liquid nitrate-radwaste treatment systems. The principal 

radwaste generated by the model SX-F UF6 plant is the liquid nitrate waste 

from solvent extraction. 

and 226Ra (impurities in the yellow cake feed) along with short-lived 

234Th,and 234mPa as soluble nitrates dissqlved in the waste, and large 

quantities of chemicals including nitrate , ammonium, sodium, toxic heavy 
metals, sulfate, and chloride. 

This waste contains unrecovered uranium, 230Th, 

The base case for the assessment is treatment with BaC03 to remove 

The radwaste solids 99% of the radium followed by lime neutralization. 

are impounded, and the treated waste carrying traces of radioactive mate- 

rials and about 19 MT of chemicals per day, including 14 MT of nitrate 
and 1 MT of ammonium salts, is released. The effluent, although acceptable 

radiologically, may not be acceptable chemically at many sites. 

Both hitrate and ammonium ions can have a deleterious effect on the 

environment. Excessive plant growth from biostimulation of aquatic growth 

in the receiving waters and/or algae blooms from overfertilization has 

caused the most attention. Eutrophication is of particular concern in 

lakes because nutrients that enter tend to be recycled and to build up 

over a period of time. Other deleterious effects include acute nitrate 

toxicity (methemoglobinemia) in infants, and for ammonia: toxicity to 

fish, reduction in chlorine disinfection efficiency, and depletion of the 

dissolved oxygen content of the receiving waters. 

water standard for nitrate is 10 mg maximum of NO3 -N per liter. The 
Case 1 effluent requires dilution by a stream with a flow of at least 

150 cfs ( 4  m3/sec) to meet the drinking water standard. 
be other sources of nitrate to the receiving stream such as municipal 

wastewater or runoff from dairies, feedlots, or fertilized land which 

must be considered. After dilution of the effluent by a 150-cfs stream, 

the NH4 -N concentration in Case 1 is 2.4 mg/R. 

the receiving stream, this may be marginally toxic to fish. 

The 40 CFR 141 drinking 
- 

There may also 

+ Depending on the pH of 

Case 2 ,  at an annual cost increase over the base case of $304,000, 

provides impoundment of the liquid nitrate waste at the midwestern site. 

The cost at the New Mexico site, where the natural evaporation rate is 

higher, is $183,000. Impoundment is a temporary solution; however, it is 
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the only fully developed and immediately available alternative to 

releasing the nitrate waste. Additional costs (and perhaps radiological 

exposure) may be incurred in disposing of the accumulated nitrate wastes 

when the lagoons are decommissioned. In Case 2, the potential exists 

for accidental releases of nitrate and radioactive materials via failure 

of the dike; seepage could also occur if the integrity of the liner 

should fail. 

The advanced case studies add treatment which provides a long-term 

solution to the nitrate wastes. Case 3 uses biological nitrification 

and denitrification in a system similar to an activated sludge sewage 

plant to destroy the ammonium and nitrate ions. The treated wastewater 

(principally NaHC03) is then released to a surface stream; the radio- 
logical doses are similar to Case 1. Case 4 uses thermal denitration of 

MgNO3*6H20 with nitric acid recovery from the off-gas for recycle. 

includes an ozone sparge to prevent the chloride from accumulating in the 

It 

recycle acid circuit, has evaporators to recover water for recycle, and 

recovers a 28 wt % ammonia solution suitable for off-site industrial use. 

Rectifier overheads containing an estimated 8 kg of nitrate-per day are 

released, but there are no effluents bearing radioactive materials. 

Sodium ions create serious difficulties in the calciner; therefore Case 4 

places new low-sodium restrictions on the plant feed. 

There appears to be little difference in the annual cost of the 

advanced nitrate treatment systems -- $1.53 million f o r  Case 3 compared 

with a Case 4 cost of $1.05 million to the UFg plant operator plus a very 
rough estimate of $0.55 million to the mill operators in meeting the low- 

sodium feed specification. Case 4 is more fail-safe since there is no 

danger that toxic materials will cause system poisoning, which could occur 

in a biological treatment system; however, it has the disadvantage that 

backfitting would be necessary to some mills to produce the low-sodium 

yellow cake. Neither the Case 3 biological denitration system nor the 

Case 4 thermal denitration system has been tested experimentally on uranium 

refinery wastes. Research -and development would be required before either 

would be ready for industrial use. 
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The costs are the total annual cost increase over the base case for 
the complete systems described in Sect. 4.4.11.6 or 4.4.11.7, except for 

handling the solid radwaste where different options might be considered 
(Sect. 8.1.3.2). Development costs are not included. In Case 3 ,  the 

costs include disposal of the biomass by incineration, calcining the CaC03 

to recover the lime, lime slaking, and primary dust collectors. In Case 4 ,  

the costs include an impoundment with a synthetic liner for the CaS0t+-2H20 

chemwaste, slaking and purifying the magnesia for recycle, and appropriate 

dust collectors. Ordinarily, biological systems are thought to function 

mostly on "free" solar energy. It should be noted that Case 3 requires 
9500 R (2500 gal) of methanol as nutrient for the denitrifying bacteria 

and calcines 7.2 MT of CaC03 per day. 

8.1.3.2 Solid radwaste management. The principal solid radwaste is 

the sludge generated in treating the nitrate wastes from solvent extraction. 

These wastes contain unrecovered uranium at levels comparable to uranium 

ores, plus small quantities of 226Ra and 230Th which are present as 

impurities in the yellow cake feed to the plant. 

tial long-term source of 222Rn gas from the decay of 226Ra. 

The wastes are a poten- 

In Cases 1 and 2 ,  the radwaste sludge is impounded on-site in a lined 

basin. Final disposition of this waste is at present unclear, but ulti- 

mately it is expected to be shipped off-site with final disposal either in 

a burial ground or in a mill tailings pile. If wastes are shipped wet to 

a uranium mill for processing to recover the uranium, the cost and radio- 
logical releases from packaging will be relatively small. Case 3 provides 

for drying and drumming the solids at an annual cost increase of $315,000. 

This includes the cost of primary bag filters for the dryer and drumming 

station. The cost of secondary bag filters ($120,000) is included in 
Table 8.3 with the airborne costs; the airborne releases are discussed in 
Sect. 8 . 1 . 2 . 4 .  In Case 4 ,  the radwaste solids are incorporated in cement 

to provide better isolation from the environment if the integrity of the 

drums should fail; the annual cost of cementing Case 4 radwaste is 

$741,000.  

burial of the cemented waste. The solid radwaste case studies are not 

This does not include the additional costs for shipping or 
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directly comparable because the different liquid nitrate treatment systems 

generate different quantities of solid radwaste (Table 4.27). 

expensive alternative, the cost of drying and drumming the Case 4 radwaste 
As a less 

is $273,000 with primary bag filters, or $374,000 with primary and secon- 

dary bag filters. The cost of cementing and drumming the Case 3 solid 

waste would be roughly 1.7 times that in Case 4 because of the larger 
quantity of waste. 

Cementing reduces the potential long-term radon release as well as 

The potential benefit of the potential for leaching by natural waters. 

cementing the radwaste sludge must be evaluated in terms of a specific 

waste disposal site, which is beyond the scope of this survey. 

8.1.3.3 Liquid fluoride treatment systems. The concern with these 

wastes is primarily chemical since they have low concentrations of radio- 

active materials, especially radium. 

beneficial in drinking water, the upper limit for a public water supply 

is only 3 ppm (40 CFR 141). 
ions (lime-treated nitrate waste) to precipitate the fluoride and impound 

the chemwaste solids in a lined basin. The treated effluent from the KOH 

scrubbers carries about 1300 kg of potassium ions per day. Chemical 

releases of caustic scrub liquors can be eliminated by a KOH regeneration 
system, and chemical releases via water scrub liquors can be reduced to 

low levels by lime treatment at an annual cost increase of $152,000 
(Table 8 . 5 ,  Cases 2 and 3 ) .  More efficient condensers and cleanup reactors 

on the process reduce the fluoride load to waste treatment in Case 4 .  

Since the condensers are of negligible benefit in terms of off-gas releases, 

the costs of the condensers are also shown as a liquid treatment cost in 

Case 4. 
able, the savings in the liquid treatment costs would not justify the 

installation of the condensers. Case 4 also includes two fluoride basins - 
one for KOH-contaminated solids and a settling basin for the water scrub 

liquor from the fluorine cells, which is released. The small reduction in 

chemical releases (i.e., 84 kg/day) and in dose (<0.001 mrem total body) 
does not justify this feature. 

Although traces of fluoride are 

The base case uses a "free" supply of calcium 

The analysis indicates that, even if Case 4 technology were avail- 



-213- 

8.2 Cost and Benefit Correlations for the SX-F 
Model Plant Processing Feed Containing "High" 

Levels of 230Th and 226Ra Impurities 

Recent sampling of UFg plant feed indicates that the "low" levels 

of 230Th and 226Ra, impurities cited in Sect. 8.1, are the most probable 

concentrations that will occur in the plant feed. While unlikely, it is 

possible that higher concentrations might occur. For comparison, an 

assessment of a model plant for a feed containing "high" levels of 230Th 

and 226Ra (e.g., 14,200 pCi of 230Th and 1600 pCi of 226Ra per gram of 

'na t 
treatment packages are compared with the dose and exposure to chemicals 

) is considered briefly. The total annual cost increases for the waste 

in Tables 8.6 and 8.7 for the midwestern and the New Mexico sites respec- 

tively. Costs are essentially the same as those cited in Sect. 8.1. 

The maximum individual total-body dose is reduced from 4.0 mrem in Case 1 

to 1.8 mrem in Case 2, and the bone dose from 53 mrem to 2 1  mrem. The 

population total-body dose is reduced from 3.8 person-rem in Case 1 to 
1.6 person-rem in Case 2. 

plant processing the "low-impurity" feed (Table S-2). For airborne 

Case 1 / 2 ,  the incremental cost/benefit is $116 jOOO per person-rem total 
body and $9,000 per person-rem bone. 
site are higher than at the midwestern site; however, population doses are 

much lower because the area is sparsely settled (Tabie 8.7). Further air- 
borne dose reductions beyond Case 2 are possible but more expensive. 

The bone doses are nearly twice those from the 

Individual doses at the New Mexico 

The estimated doses to the individual receiving the maximum exposure 

represent the probable upper limit for the "high-impurity" feed. 

are based on a number of maximizing assumptions, which would probably not 

apply collectively to any one plant. 
be significantly lower than the doses estimated for the generic model. 

For example, the use of a 100-ft ( 3 0 4  release height instead of a 16-ft 

(5-m) height would reduce the maximum dose to an individual by a factor 

of 3 (Table 7.11). 

plant from food production would reduce the dose to the bone (the critical 

organ) by about 30% (Table 7.21). 

They 

Doses from a specific plant might 

Removing the land in the immediate vicinity of the 

The relationships for treating liquid effluents from the model plant 

processing the "high-impurity" feed are similar to those for the "low- 

impurity" feed. The model assumes that more efficient BaC03 treatment for 
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99,8% radium removal i s  a p p l i e d  i n  t h e  base  case. Under t h e s e  c o n d i t i o n s ,  

t h e  annual  to ta l -body and bone doses  from u s i n g  t h e  1300-cfs r i v e r  are 

0.02 and 0 . 3  m r e m ,  r e s p e c t i v e l y ,  i n  Case 1. 

S o l i d  wastes are similar t o  t h o s e  desc r ibed  i n  S e c t .  1.3, except  

t h a t  t hey  w i l l  c o n t a i n  l a r g e r  q u a n t i t i e s  of 230Th, 2 2 6 R a ,  and a s s o c i a t e d  

daughter  p roduc t s .  

8 . 3  Radon 

A small amount of 222Rn gas  is  r e l e a s e d  i n  Cases 1 and 2 from t h e  

radwas te  impoundment, and i n  a l l  cases from t h e  o p e r a t i n g  p l a n t  f o r  which 

no t r ea tmen t  is  provided .  I n  Case 2 ,  a t  t h e  midwestern s i t e  which has  

t h e  l a r g e s t  radwas te  impoundment, t h i s  release i s  e s t i m a t e d  as %310 C i /  

y e a r  f o r  t h e  p l a n t  f eed  c o n t a i n i n g  "low" l e v e l s  of 2 2 6 R a  impur i ty  ( e . g . ,  

200 pCi p e r  gram of Unat). A t  0.5 m i l e  (800 m) from t h e  model p l a n t ,  

radon c o n t r i b u t e s  on ly  0.06 m r e m  t o  t h e  maximum i n d i v i d u a l  to ta l -body 

dose  and 2 . 7  m r e m  t o  t h e  lung  dose  ( t h e  c r i t i c a l  o r g a n ) .  Because radon 

is  a gas ,  i t  can sp read  beyond t h e  immediate v i c i n i t y  of t h e  p l a n t .  The 

annual  radon release from t h e  model Case 2 SX-F UFg p l a n t  is  comparable 

t o  t h e  n a t u r a l  radon emanation from %3.8 squa re  m i l e s  (10 km2) of ground, 

o r  %l x % of t h e  radon release from s o i l s  i n  t h e  conterminous United 

States.  The h a l f - l i f e  of radon is  s h o r t  (3 .8  d a y s ) ,  and t h e  p a r t i c u l a t e  

daugh te r s  are removed from t h e  atmosphere by d e p o s i t i o n  and washout. The 

* 

** 

average  r e s i d e n c e  t i m e  is  %4 days  f o r  a e r o s o l s  of radon daugh te r s  i n  t h e  
5 atmosphere n e a r  t h e  e a r t h ' s  s u r f a c e .  I n  urban areas around New York C i t y ,  

even t h e  s h o r t - l i v e d  d a u g h t e r s  t h a t  c o n t r i b u t e  most of t h e  radon dose  are 

n o t  i n  s e c u l a r  e q u i l i b r i u m  w i t h  t h e  n a t u r a l  background radon. For example, 

218Po, t h e  f irst  daugh te r  ( h a l f - l i f e ,  3 min),  and 214Pb, t h e  second daugh te r  

( h a l f - l i f e ,  27 min) ,  are p r e s e n t  i n  c o n c e n t r a t i o n s  of %80 and %50% of 

* 
There i s  a l s o  a small long-term release of radon from t h e  decay of 2 2 6 R a  
i n  t h e  wastes t h a t  are sh ipped  o f f - s i t e  t o  an approved r e p o s i t o r y  f o r  
b u r i a l .  Releases from t h e  b u r i a l  ground are n o t  addressed  i n  t h i s  s t u d y ;  
however, they are expec ted  t o  be  s m a l l  i n  comparison w i t h  t h e  long-term 
radon r e l e a s e  from m i l l  t a i l i n g s ,  which c o n t a i n  much more 226Ra .  

The n a t u r a l  radon f l u x  i n  t h e  Uni ted  S ta tes  appea r s  t o  be %1.7  atoms/ 
crn2*sec (3.0 x 
t h e  average  ra te ,  i t  is  e s t i m a t e d  t h a t  t h e  conterminous United States 
(7 .6  x l o 2  m2 i n  a r e a )  releases 2.3 x l o 8  C i  of 222Rn a n n u a l l y .  

** 
Ci/m2*year) . 4  I f  t h i s  v a l u e  i s  assumed t o  r e p r e s e n t  
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secular equilibrium respectively. These facts argue that the effects 

of radon from an operating SX-F UFg plant will be small compared with 

those of natural background radon. 
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9.0 TABLES 





Table 1.1. Summary of radwaste-chemwaste treatment vari bles for the model solvent extraction- 
fluorination U F ~  conversfon plant 

Case 1 Case 2 Case 3 Case 4 

Gaseous and airborne 
radwaste 

Objective 

Treatment 

Liquid nitrate radwaste 

Objective 

Treatment 

Liquid fluoride 
chenwaste 

Objective 

Treatment 

nitrate waste 

Objective 

Treatment 

Solid chenwaste 
generated by 
treating liquid . 
wastes 

Objective 

Treatment 

Base case; control uranium 
losses and release of 
noxious gases 

Primary bag filters on dust- 
bearing air from materials. 
handling processes; primary 
and secondary filters on 
chemical reactors; primary 
scrubbers on HF-bearing 
effluents 

Reduce uranium releases by 3;  Reduce uranium releases in 
reduce HF release by 6 0 ~  building ventilation effluent 

by 14 (net overall reduction 3)  

Same as Case 1 plus secondary Same as Case 2 plus water baffle 
bag filters; secondary scrubbers on building ventila- 
scrubbers on some HF-bearing tion effluent 
effluents 

Reduce uranium releases by 450; 
reduce HF release by 1.4 

Same as Case 2 plus HEPA filters 
on process effluents; bag filters 
on building ventilation effluent; 
more efficient HF condensers and 
F2 cleanup reactor; internal process 
change for more efficient F2 utiliza- 
tion; UF6 cleanup reactor 

Control release of radio- 
active materials 

BaC03 treatment to precipi- 
tate radium; lime neutral- 
ization to precipitate 
radwaste; release nitrate 

Control release of radio- Control release of radioactive 
active materials and materials and chemicals; provide 
chemicals acceptable long-term disposal of 

nitrate and ammonium salts 

NH3 neutralization to BaC03 treatment to precipitate 
precipitate radwaste; radium; lime neutralization to 
impound nitrate in lined precipitate radwaste-chemwaste; 
lagoon, biological nitrification and 

denitrification to destroy 
ammonium and nitrate salts; 
release treated wastewater 

Minimal treatment Control chemical releases Control chemical releases 

Combine with other plant Lime regeneration and recycle Same as Case 2 
wastes containing Ca2+ to 
precipitate fluoride cipitate fluoride from water 

of KOH scrub liquors; pre- 

scrub liquors with lime and 
release 

Store on-site Store on-site 

Zero release to surface streams of 
liquid effluents bearing radioactive 
materials; provide acceptable long- 
term disposal of chemicals 

BaC03 treatment to precipitate 
radium; magnesia neutralization to 
precipitate radwaste; lime treatment 
to precipitate chemwaste; recover 
HNO3, H20, and MgO for recycle; 
recover ammonia as 28 wt X solution 
for industrial use; requires internal 
process changes at uranium mill and 
at uF,j plant to eliminate sodium 
salts in the waste 

Zero release to surface streams of 
liquid effluents bearing radioactive 
materials; negligible release of 
chemicals 

Reduce fluoride load to waste treat- 
ment by more efficient use of HF and 
F2 in process; lime regeneration and 
recycle of KOH scrub liquors; elimi- 
nate hydrofluorination water scrubber; 
treat water scrub liquor from fluorine 
cell off-gas with lime, and release 
(no radioactive materials) 

Prepare for shipment off-site Reduce potential for long-term 
leaching and radon release 

Settle sludges in lined 
basin; control any loose lined lagoon; control any 
radioactive particles loose radioactive particles 
to prevent windblown to prevent windblown dust 
dust 

Impound with nitrate in Dry and drum 

Store on-site Store on-site Store on-site 

Same as Case 2 Settle CaF2 solids in 
lined basin treating water scrub liquors 

Settle CaF2 sludges from 

in lined basin; store CaF2 
filter cakes from KOH 
regeneration in lined basin 

Incorporate moist centrifuge 
cake in cement; drum ready for 
shipment off-site 

Store chemwastes with low solu- 
bility in water on-site; prepare 
soluble wastes for shipment 

Dry and drum calcine bleed (Na and 
K salts) from HN03 recovery ready 
for shipment; store slightly 
contaminated CaSOb from HNO? recovery 
in lhed chemwaste pit; stor; slightly 
contaminated CaF2 in fluoride pit; 
settle uncontaminated CaF2 from 
treating water scrub liquors from 
the fluorine cells in lined fluoride 
basin (i.e., three lined storage 
basins in Case 4 )  



I 
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Table 4.2. Feed to the model yellow cake-teUF6 conversion plant - 
Cases 1 and 2a 

(Assumptions listed in Table 4.3) 

Quantity fed 
Constituent of feed (wt %> (metric tons/yr) 

Uranium (U) 73.53 

Concentration 

10,000 
(wt %, U basis) 

Impurities 

Ammonium (NH4+) 
Sodium (Na) 
Silica (Si021 ' 

Sulfate (sob2-) 
Arsenic (As) 
Boron (B) 
Calcium (Ca) 
Carbonate (C03'-) 
Chloride, bromide, iodide 

Fluoride (F) 
Iron (Fe) 
Molybdenum (Mo) 
Phosphate (PO1, 3 - )  
Potassium (K) . 
Vanadium (V) 
Water (H20) 
Extractable organics 

(Cl-, Br-, I-) calc. as C1- 

3.09 
2.41a 
1.2 
2.94 
0.06 
0.003 
0.19 
0.31 

0.07 
0.01 
0.38 
0.10 
0.26 
0.13 
0.12 
1.91 
0.05 

322 
241a 
120 
294 
6 
0.3 
19 
31 

7 
1 
38 
10 
26 
13 
12 
191 
5 

(Ci/year) 
"Low- "High- 

Principal radionuclides . impurity" feed impurit.y" feed 

b 

34Th 
'na t 

z 3 'rmpac 

'Th 

226Ra 
'"Rn 

3333 
3333 - 

3333 

28 

2.0 

2.0 

3333 
3333 
3333 

141.7 

15.67 
15.67 

a Sodium ions are excluded from the feed in Case 4 because they create difficulties 
in the advanced waste treatment systems. 
is suggested as a possible option. 

In Case 3 ,  restriction of sodium salts 

bThe "old" (prior to July 10, 1974) definition of a curie of natural uranium (U 
is used throughout this report to be consistent with the earlier report in 
this series on uranium mills. One curie of U 
from 238U, plus 3.7 x 1O1O dis/sec from 234U,n$fus 9 x l o 8  dis/sec from 235U. 
Under the "old" definition,l kg of Unat is equivalent to 333.3 UCi of Unat or the sum 
of 333.3 pCi of 238U, 333.3 uCi of 234U, and 8.1 UCi of 235U. 
(July 10, 1974) definition, 1 kg of Unat is equivalent to 677.0 pCi of Unat, or  the 
sum of 330.9 pCi of 238U, 330.9 pCi of 234U, and 15.4 pCi of 235U. 
mately a 1% difference between the "old" and the "new" curie in calculating source 
terms, except for 2 3 5 ~ .  

Metastable 234mPa, t1/2 = 1.18 min. 

nat 

is the sum of 3.7 x 1O1O dis/sec 

Under the current 

There is approxi- 

C 
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Table 4.3. Assumptions used i n  ca l cu la t ing  feed t o  t h e  model 
yellow cake-to-UF6 conversion p l an t  

- 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

The feed is a composite o f :  
85% acid-leached yellow cake which has been p rec ip i t a t ed  by add i t ion  of ammonia 
and steam dried.  

15% alkal ine-  (carbonate-) leached yellow cake which has been p rec ip i t a t ed  with ' 

sodium hydroxide and dr ied.  

The proportion of acid- v s  alkaline-leached yellow cake w a s  ca l cu la t ed  from 
t h e  r e l a t i v e  o r e  processing rates, based on a survey of a c t i v e  m i l l s  made i n  
t h e  sp r ing  of 1973.a 

- 

The acid-leached yellow cake is  a p a r t i a l l y  cracked ammonium diuranate .  
uranium is  assumed t o  b e  present  as (NHI,)Zu207, and t h e  o the r  ha l f  as UOg. 
chemical composition is: 

Half t he  
Its , 

U = 74.20 w t  % (av of ammonium d iu rana te  received a t  t h e  Kerr-McGee UF6 
p lan t  i n  1973Ib 

McGee UF6 p lan t  i n  1973)b 
Na = 0.85 w t  % on a U b a s i s  (av of ammonium diuranate  received a t  t h e  Kerr- 

NHk+ = 3.63 w t  % on a U b a s i s  (calculated)  

Alkaline- (carbonate-) leached yellow cake i s  assumed t o  b e  N a 2 U 2 0 7  with a chemical composi- 
t i on '  o f :  

(av  of N a z U 2 0 7  received a t  t h e  Kerr-McGee U = 69.80 w t  % 

Na = 11.3 w t  % on a U b a s i s  UF6 p lan t  i n  1973)b 

Impuri t ies  o the r  than radionucl ides ,  sodium, ammonium, and s i l i c a  are t h e  average of t h e  
cu r ren t  feeds t o  t h e  All ied Chemical UF6 plant ,c  t h e  Kerr-McGee UF6 plant ,b  and t h e  
DOE-Fernald r e f  inery.d 

The s i l i ca  content is  t h e  average of values  f o r  four  cu r ren t ly  o r  r ecen t ly  a c t i v e  m i l l s  
(Anaconda, Uravan, R i f l e ,  and Kerr-McGee) .e 

The model UF6 p lan t  processes only v i r g i n  yellow cake (na tu ra l  uranium) from United S t a t e s  
m i l l s  ( i . e . ,  no recycle  ma te r i a l  from f u e l  reprocessing and no fo re ign  o r e  concentrates) .  

The feed containing "low" l e v e l s  of 230Th and 2 2 6 R a  impuri t ies  is  der ived from recent  d a t a  
on t h e  i so top ic  ana lys i s  of t h e  feed t o  t h e  Al l i ed  Chemical Metropolis UF6 production p l an t , f  
t h a t  is: 

2 3 0 ~  = 2800 p c i  per  g of Unat 

226b = na t 200 p c i  per  g of u 

The feed containing "high" l e v e l s  of 230Th and 2 2 6 R a  impuri t ies  is  t h e  composite product of 
t he  "model" uranium mi l l s ,g*h  t h a t  is: 

230Th = 14,200 pCi per  g of Unat 

226Ra = 1600 pCi per  g of Unat 

The yellow cake feed has aged 6 months (minimum) t o  10  years  (maximum) s i n c e  mi l l i ng  i n  
a sealed drum so t h a t :  

(a) Thorium-234 (t1/2 = 24.1 days) and 234mPa (t1/2 = 1.18 min) daughters have grown 
back t o  secu la r  equi l ibr ium with 2 3 8 U .  Thorium-234 r equ i r e s  168 days t o  grow 
back t o  99% of secu la r  equi l ibr ium wi th  2 3 8 U .  
mately 7 min t o  grow back t o  secu la r  equi l ibr ium with 234Th, so t h a t  i t  i s  i n  
secu la r  equilibrium with 

Metastable 234Pa r equ i r e s  approxi- 

34Th a t  a l l  times. 

(continued) 
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Table 4.3 (continued) 

(b) 

(c) 

(d) 

The radioactivity due to the decay, since milling, of 234U to 230Th (t1/2= 8.3 x lo4 y 
and 235U (only 0.71% of natural uranium) is negligible. 

The radioactivity due to the decay, since milling, of the 230Th impurity to 226Ra 
(t1/2= 1.62 x l o 3  y) is negligible. 
The "*Rn daughter (t1/2 = 3.83 days) has grown back to secular equilibrium with the 
226Ra impurity. 
radon is an inert gas and potentially all of it might be released from the plant. 

The daughter products of "'Rn are not listed individually as source terms either 
because they have half-lives of less than 2 hr and do not accumulate in the bio- 
environment (218Po, '14Pb, '14Bi, and 'l4Po) or because they individually contribute 
less than 0.02% of the total relative hazard ('lOPb, 'l%i, and 21?'o). The daughters 
of "'Rn are included when the dose from radon release is calculated. The relative 
hazard is estimated by dividing t h e  curies present in the yellow cake feed by the 
Radiation Concentration Guide for that nuclear nuclide (presented in Code of Federal 
Regulations, Title 10, Part 20, Appendix B, Table 2, Column 1, soluble nuclide). It 
takes approximately 11.6 years for 'lOPb to grow back to a level where it contributes 
0.02% of the total relative hazard. 

While the amount of '"Rn accumulating in the sealed drum is small, 

( e )  

. 

aM. B. Sears, R. E. Blanco, R. C. Dahlman, G. S. Hill, A. D. Ryon, and J. P. Witherspoon, 
Correlation of Radioactive Waste Treatment Costs and the Environmental Impact of Waste 
Effluents in the Nuclear F u e l  Cycle for Use in Establishing "As Low As Practicable" 
Guides - Milling of Uranium Ores, ORNL-TM-4903, Vol. 1 (May 1975), p. 224. 

bB. Brown (Plant Manager, Kerr-McGee Sequoyah UF6 production facility) and J .  Craig 
(Engineering Manager), personal communication to M. B. Sears, Oct. 15, 1974. 

A. D. Riley (Plant Manager, Allied Chemical UF6 plant) and J .  H. Thomas (Technical 
Superintendent), personal communication to M. B. Sears, Nov. 13, 1974. 

C '  

dJ. Cavendish (Head, Production Technology Dept., National Lead Co. of Ohio), personal 
communication to M. 8. Sears, Nov. 12, 1974. 

eG. P. Lang, E. N. Nelson, and C. W. Kuhlman, A Process for Controlling Insoluble Uranium 
in Ore Concentrates, MCW-1420, Mallinckrodt Chemical Works (Feb. 2 ,  1959), p. 13. 

fM. B. Sears. R. E. Blanco, B. C. Finney. G. S. Hill. R. E. Moore. and J. P. Witherspoon. _ .  . .  
Correlation of Radioactive Waste Treatment Costs and the Environmental Impact of Waste 
Effluents in the Nuclear Fuel Cycle - Conversion of Yellow Cake to Uranium Hexafluoride, 
Part I. The Fluorination-Fractionation Process, ORNL/NUREG/TM-7 (Sept. 1977), pp. 271- 

~~~ 

72, and 278-80. 

gIbid.. pp. 29, 162. - 
hM. B. Sears, R. E. Blanco, R. C. Dahlman, G. S. Hill, A. D. Ryon, and J .  P. Witherspoon, 
Correlation of Radioactive Waste Treatment Costs and the Environmental Impact of Waste 
Effluents in the Nuclear Fuel Cycle for Use in Establishing "As Low As Practicable" 
Guides - Milling of Uranium Ores, ORNL-TM-4903, Vol. 1 (May 1974), pp. 32-33, 122-23 
and 164. 
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Table  4.4.  E f f i c i e n c y  of noxious gas  abso rbe r s  

Gas Scrubbing E f f i c i e n c y  
Type of gas  abso rbe r  absorbed medium, ’ . (Z)  

B a f f l e  ( o r  i f  i c e )  w i t h  

Wetted packed tower 

condensers  

Medium-energy v e n t u r i  

High-energy v e n t u r i  

NO, abso rbe r  tower 
(20-p la te  bubble  tower) 

D e n i t r a t o r  
of f -gas  

U F  6 
HF 
F z  

HF 

H F  

NO 2 
HF 

Fz 
NO 2 

NOx 

HNO 3 

UF 6 

40% HNO3 
. .  

KOH 
KOH 
KOH 

Water 

Water 
Water 
Water 
KOH 
KOH 
KOH 
KOH 

Water 

%70a 

90b 

95: 
97 
30: 

99f 
99f 

- 99 
85g 
95h , i 

a Kerr-McGee Corpora t ion ,  App l i can t s  Environmental  Report  Sequoyah Uranium 
Hexaf luor ide  P roduc t ion  P l a n t ,  DOCKET 40-8027 (June  1972) ,  pp. 40-51. 

bA. D .  R i l ey  (Manager A l l i e d  Chemical UF6  p l a n t ) ,  J .  H.  Thomas (Techni- 
cal  Supe r in t enden t ) ,  and R. W .  Yates (Heal th  P h y s i c i s t ) ,  pe r sona l  
communication t o  M. B.  Sears, Nov. 13, 1974. 

C By ana logy  t o  U F 6 .  

d13y analogy t o  H C 1 .  [ S .  K. Kempner, E .  N .  Sei ler ,  and D. H. Bowman, J. 
A i r  P o l l u t .  Con t ro l  Assoc. - 20(3 ) ,  139-43 (1970) j .  

e L. S .  Harris;Chem. Eng. Progr .  - 6 2 ( 4 ) ,  55-59 ( A p r i l  1966) .  

By analogy t o  c a u s t i c  sc rubbing  of C 1 2  ( f o o t n o t e  e ) .  f 

gBy analogy t o  c a u s t i c  s c rubb ing  of  H 2 S  ( f o o t n o t e  e ) .  

hB. J. Mayland and R. C.  Heinze,  Chem. Eng. P rogr .  6 9 ( 5 ) ,  75-76 (May 1973) .  
i Continuous o p e r a t i o n ;  b a t c h  o p e r a t i o n ,  90%. 
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Table  4.5. E f f i c i e n c y  of w e t  d u s t  c o l l e c t o r s  a , b  

Type of d u s t  c o l l e c t o r  

Aver age  
p r e s s u r e  E f f i c i e n c y  ( X )  on: 

drop 5-1-1 2-1-1 1-1-1 
( i n .  H20) d u s t  d u s t  d u s t  

B a f f l e  ( o r i f i c e )  

~~ ~ 

6 . 1  93  75 40 

Spray tower 1 . 4  94 8 7  55 

Packed tower ( f l u i d i z e d  bed) 2.4 95 58 

Wet imp i n g  emen t 6 . 1  97 95 80 

Ven tu r i  
Medium energy 
High energy 

20.4 99.8 99 97 
31.5 99.9 98 

a 
C.  J. Stairmand;"Removal of Dust from Gases," pp. 364-402 i n  
P rocesses  f o r  A i r  P o l l u t i o n  Con t ro l ,  2nd ed . ,  The Chemical Rubber 
Co. ,, Cleveland,  Ohio, 1 9  72. 

C. J.  Stairmand,  The Chemical Engineer 194, CE 310-26 (December 
1965) .  , 

b 
- 



Table 4.6a. Airborne radwaste releases.from the model 10,000-metric 
ton/yr SX-F UF6 plant -- Case 1 

Principal radionuclides (Ci/yr) - 

"Low-impurity'' feed option' "High-impurity'' feed optiond 
U 

Type of release (kdyr) Unat a Z34~h 234mpab 230m 226Ra 2 2 2 ~ ~ ~  23fl~h 226Ra 222R,,e 

Crude yellow cake dusts 

Materials handling 
Building ventilation 

Refined UO?, U07, UFy 

Elaterials handling 
Reduction off-gas 
Hydrofluorination off-gas 
Building Ventilation 

UFr. hydrolysis products 

Fluorination 
Ash degassing and UF.5 sampling 

Ash dust 

Before decay 

Materials handling 
Building ventilation 

After decay 

Haterials handling 
Building ventilation 

Radon gas 

Total 

99.0 3.30E-2 
39.6 1.328-2 

109.5 3.658-2 
28.3  0.94E-2 
cO.1 c0.01E-2 
43.8 1.468-2 

91.2 3.04E-2 
20.0 0.678-2 

0.8 0.02E-2 
0 . 3  0.01E-2 

2.4 0.08E-2 
1.0 0.03E-2 

435.9 14.528-2 

3.30E-2 
1.32E-2 

1.828-2 
0.47E-2 
c0.01E-2 
0.i3E-2 

0.05E-2 

0.66E-2 
0.268-2 

0.08E-2 
0.03E-2 

a.72~-2 

3.30E-2 
1.328-2 

1.821.:-2 
0.47E-2 
<0.01E-2 
0.738-2 

0.05E-2 

0.66E-2 
0.268-2 

0.08E-2 
0.03E-2 

8.72E-2 

2.77E-4 
1.llE-4 

1.54E-4 
0.398-4 
<0.01E-4 
0.628-4 

0.04E-4 

0.568-4 
0.22E-4 

1.71E-4 
0.688-4 

- 

9.648-4 

1.988-5 
1.798-5 

0.01E-5 
<O. 01E-5 
c0.01E-5 
<O. 01E-5 

c0.01E-5 

<0.01E-5 
c0.01E-5 

0.01E-5 
c0.01E-5 

2.79E-5 

1.40E-3 1.55E-4 
0.56E-3 0.62E-4 

0.78E-3 0.01E-4 
0.20E-3 <0.01E-4 
<0.01E-3 c0.01E-4 
0.31E-3 <0.01E-4 

0.02E-3 ~0.01E-4 

I 
N 
N 
o\ 
I 

0.28E-3 <0.01E-4 
0.llE-3 <0.01E-4 

0.86E-3 0.01E-4 
0.35E-3 <0.01E-4 

2.4 E+l 1.8E+Zf 

2.4E+lf 4.87E-3 2.19E-4 1.8E+Zf 

- 

"One curie of natural uranium is defined as the sum of 3.7 x 10'O dislsec from 238U, 3.7 x 1O'O dislsec from 2 3 4 U ,  and 9 x lo8 dislsec 

bMetastable 234mPa, t1/2 = 1.18 min. 

'Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of U 

dPlant feed contains 14.200 pCi of 230Th and 1600 pCi of 226Ra per gram of Unat. 

eAs gas. 

fRadon gas release from UFg plant processes plus the radon emanation from 1.33E+4 m2 (3.3 acres) of wet radwaste sludges which are 

from 2351J; it is also equivalent to 3000 kg of natural uranium. 

"at' 

Does not include 222Rn generated in dust particles by decay of 226Ra. 

impounded in a lined pit near the plant. Pit capacity: 30-year waste accumulation. 



Tablc 4.6b. Airborne radwaste releases from the model 10.000-metric 
tonlyr SX-F UFg plant -- Case 2 

Principal radionuclides (Cilyr) 

"Low-impurity" feed option' "High-impurity" feed optiond 
U 

Type of release (kelyr) Unaea 234~h 234mpab 2 3 0 ~  2268, 2 2 h e  23Om 2 2 6 ~ ~  22ZRne 

Crude yellow cake dusts 

Materials handling 
Building ventilation 

Refined UO?, UO?, UF,, 

Hater ials handling 
Reduction off-gas 
Hydrofluorination off-gas 
Building ventilation 

UFB hydrolysis products 

Fluor inat i on  
Ash degassing and UF6 sampling 

Ash dust 

Before decay 

Materials handling 
Building ventilation 

After decay 

Materials handling 
Building ventilation 

Radon gas 

Total 

13.9 0.46E-2 
.39.6 1.328-2 

15.3 0.51E-2 
0.3 0.01E-2 
cO.1 <0.01E-2 
4 3 . 8  1.461-2 

0.9 0.03E-2 
20.0 0.678-2 

0.1 c0.01E-2 
0.3 0.01E-2 

0.3 0.01E-2 
1.0 0.03E-2 

- _ _  
135.6 4.51E-2 

0.468-2 
1.32E-2 

0.268-2 
<0.01E-2 
<0.01E-2 
0.73E-2 

0.02E-2 

0.09E-2 
0.26E-2 

0.01E-2 
0.03E-2 

3.18E-2 

0.46E-2 
1.32E-2 

0.268-2 
C0.01E-2 
<0.01E-2 
0.73E-2 

0.02E-2 

0.09E-2 
0.268-2 

0.01E-2 
0.03E-2 

3 .  ME-2 

0.39E-6 0.288-5 
l.llE-4 0.79E-5 

0.22E-4 <0.01E-5 
c0.01E-4 <0.01E-5 
C0.01E-4 <0.01E-5 
0.62E-4 <0.01E-5 

0.20E-3 2.17E-5 
0.56E-3 6.21E-5 

0.11E-3 0.01E-5 
<0.01E-3 '0.02E-5 
<0.01E-3 <0.02E-5 
0.31E-3 0.07E-5 

0.02E-b <0.01E-5 0.01E-3 <0.01E-5 

0.OBE-4 <0.01E-5 
0.22E-4 <0.01E-5 

0.24E-4 <0.01E-5 
0.68E-4 <0.01E-5 

0.04E-3 <0.01E-5 
O.llE-3 0.01E-5 

0.12E-3 0.01E-5 
0.35E-3 0.04E-5 

3 .  1E+2f * 
, 2.4E+lfPh 

- - _ _  
3.58E-4 1.07E-5 3.1E+2f'6 1.81E-1 8.521-5 

2.4E+lf *h 1.9E+3 

'One curie of natural uranium is defined as the sum of 3.7 x 1O1O dislsec from 238U. 3.7 x loLo dislsec from 234U, and 9 x lo8 dislsec 

bMetastable 234mPa, tl/2 = 1.18 min. 

'Plant feed 'contains 2800 pCi of z30Th and 200 pCi of 226Ra per gram of Unat. 

dPlant feed contains 14,200 pCi of 230Th and 1600 pCi of 226Ra per gram of Unat. 

from 235U; it is also equivalent to 3000 kg of natural uranium. 
. 

gas. Does not include 222Rn generated in dust particles by decay of 22sRa. 

fRadon gas release from L'Fg plant processes plus radon emanation from a 15-year accumulation of liquid and solid radwaste in lined 

%idwestern site; wet redwaste sludges cover an area of 2.888+4 m2 (7.2 acres). 
hNew Mexico site ; wet radwaste sludges cover an area of 1.09E+4 m2 (2.7 acres). 

lagoons near the UFg plant; without BaC03 treatment. 

I 
N 
N 
d 
I 



Table 4.6~. Airborne raduaste releases from the model 10.000-metric 
tonlyr SX-F UFg plant -- Case 3 

Principal radionuclides (Ci/yr) 

"Low-impurity" feed option' "High-impurity" feed optiond 

Type of release (kgljyr) Unata 234m 234mpab 230m 22fa1(, 22zRne 230Th 22faRa 222me 

Crude yellow 'cake dusts 

Haterials handling 
Building ventilation 

Refined UO,. UO,. UF, 

Materials handling 
Reduction off-gas 
Hydrofluorination off-gas 
Building ventilation 

UF, hydrolysis products 

Fluorination 
Ash degassing and UFg sampling 

Ash dust 

Before decay 

Haterials handling 
Building ventilation 

After decay 

Haterials handling 
. Building ventilation 

Process subtotal 

Radvaste dust 

Dryer off-gas and drumming 
Building ventilation 

Waste subtotal 

Radon gas 

Total 

20.4 6.808-3 6.808-3 6.80E-3 5.71E-5 4.08E-6 
4.1 1.36E-3 1.368-3 1.36E-3 1.14E-5 0.828-6 

2.89E-4 3.19E-5 
0.58E-4 0.668-5 

15.3 5.11E-3 2.558-3 2.55E-3 2.158-5 0.02E-6 1.09E-4 0.01E-5 
0.3 0.09E-3 O.05E-3 0.05E-3 0.04E-5 c0.01E-6 0.02E-4 <0.01E-5 

c O . 1  C0.03E-3 <0.OZE-3 c0.02E-3 <0.01E-5 <0.01E-6 <0.01E-4 <0.01E-5 
3.1 1.02E-3 0.51E-3 0.51E-3 O.43E-5 <0.01E-6 0.22E-4 <0.01E-5 

0.9 0.30E-3 0.'26E-3 0.24E-3 0.20E-5 <0.01E-6 
0.2 0.07E-3 

0.10E-4 <0.01E-5 

0.1 <0.01E-3 0.928-3 0.92E-3 0.78E-5 <0.01E-6 0.40E-4 <0.01E-5 
0.08E-4 <0.01E-5 < O . l  <0.OlE-3 0.18E-3 0.18E-3 0.16E-5 <0.01E-6 

0.3 0.llE-3 O.llE-3 O.llE-3 2.39E-5 0.02E-6 
0.1 0.02E-3 0.02E-3 0.02E-3 0.68E-5 <m 

44.8 14.888-3 12.718-3 12.748-3 13.488-5 4.948-6 

----- 
1.21E-4 0.01E-5 
0.241-4 c 0 . 0 1 E - 5  
6.838-4 3.858-5 

5.81E-4 6.428-5 
1.15E-4 1.27E-5 

6.968-4 7.698-5 

6.3E00 4 .9E+lf 
----- - f - - - f  

<0.1 <0.01E-3 6.838-3 6.838-3 11.5E-5 8.20E-6 
- - ~ - ~ -  c O . 1  <0.01E-3 1.35E-3 1.35E-3 2.271-5 1.628-6 - _ _ _  
<O,l <0.01E-3 8.18E-3 8.18E-3 13.77E-5 9.828-6 

f 

44.9 14.888-3 20.928-3 20.928-3 27.25E-5 14.76E-6 6.3E00 13.798-4 11.54E-5 4.9E+1 

curie of natural uranium is defined as the sum of 3.7 x lO'O dislsec from 230U, 3.7 x 10'O dis/sec from 234U, and 9 x lo0 dis/sec 
from 23.5U; it is also equivalent to 3000 kg of natural uranium. 

bMetastnble 234mPa. t1/2 - 1.1.8 min. 
CPlant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of Unat. 

dPlant feed contains 14,200 pCi of 230Th and 1600 pCi of 226Ra per gram of Unnt. 

eAs gas. 

'Radon release from the UFg plant processes. 

Does not include 222Rn generated in dust particles by decay of 226Ra. 

Radwaste shipped off-Site. 



Table 4.6d. Airborne radvaste releases from the model 10.000-metric 
tonlyr SX-F UF6 plant -- Case 6 

Principal radionuclides (Cilyr) 

"Low-impurity" feed option' "High-impurity" feed optiond , 

U 
Type of release (kglyr) Unata 234Th 234mPab 230Th ~ 2 6 ~  22zRne 230m 22613, 22zhe 

Crude yellov cake dusts 

Materials handling 0.69E-2 0.23E-5 0.23E-5 0.23E-5 0.19E-7 0.14E-8 
Building ventllation 3.968-2 1.328-5 1.326-5 1.32E-5 1.llE-7 0.798-8 

0.988-7 1.09E-8 
5.61E-7 6.218-8 

Refined UO?, U07. UFk 

0.54E-7 0.01E-8 Materials handling 0.768-2 0.26E-5 0.13E-5 0.13E-5 0.llE-7 <0.01E-8 
0.01E-7 <0.01E-8 Reduction off-gas 0.01E-2 ~0.01E-5 c0.01E-5 c0.01E-5 <0.01E-7 c0.01E-8 

Hydrofluorination Off-gas 4.01E-2 <0.01E-S <0.01E-5 c0.01E-5 <0.01E-7 <O.OlE-8 <0.01E-7 <0.01E-8 
3.1OE-7 0.07E-8 Building ventilation 4.38E-2 l.46E-5 0.738-5 0.73E-5 0.621-7 <O.OlE-8 

UFG hydrolysis products 

Fluorination 0.05E-2 0.02E-5 0.01E-5 0.01E-5 0.01E-7 ~0.01E-8 
Ash degassing and UFg sampling 0.01E-2 0.01E-5 

Ash duat 

Before decay 

Materials handling c0.01E-2 <0.01E-5 0.06E-5 O.OkE-5 0.04E-7 <0.01E-8 
Building ventilation 0.03E-2 <0.01E-5 0.268-5 0.268-5 0.228-7 <0.01E-8 

After decay 

0.05E-7 <0.01E-8 
. -  

0.20E-7 <0.01E-8 
1.13E-7 0.01E-8 

0.6OE-7 0.01E-8 
3.66E-7 0.04E-8 

10.OE-2 3.336-5 2.76E-5 2.768-5 3.10E-7 0.93E-8 15.681-7 7.44E-8 

Materials handling 0.02E-2 0.01E-5 0.01E-5 0.01E-5 0.12E-7 <0.01E-8 
-- 0.03E-5 0.03E-5 0.03E-5 0.68E-7 Building ventilation - _ _ - _ _  

Process subtotal 

Chemvaate duat 

Materials handling c0.01E-2 <0.01E-5 0.41E-5 0.41E-5 0.698-7 0.50E-8 3.528-7 3.88E-8 
<0.01E-7 <O.OlE-8 Building ventilation _ _ -  <0.01E-2 <0.01E-5 <0.01E-5 <0.01E-5 c0.01E-7 <0.01E-8 - _ _ - - - -  
3.52E-7 3.88E-8 Waste subtotal c0.01E-2 <0.01E-5 0.41E-5 0.41E-5 0.69E-7 0.5OE-8 

Radon gas 

, Total 

5. 8EOOf 6. 5E+lf 
- - - - - - - 
10.OE-2 3.33E-5 3.17E-5 3.17E-5 3.791-7 1.43E-8 5.8E00f 19.2E-7 11.3E-8 

aOne curie of natural uranium'ia defined as the sum of 3.7'~ 1O'O dislsec from 238U.-3.7 x 1O1O dialaec from 2 3 4 U .  and 9 x lo8 dialsec 

bUetaatable 234mPa. tlf2 - lil8 m i n .  , 

'Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of Unat. 

dPla.t feed contains 16,200 pCi of 230Th and 1600 pCi of 226R, per gram of Unat. 

'As gas. 

fRado" release from the UFg plant processes. . Radvaate shipped off-site. 

from 235U; it ia also equivalent to 3000 kg of natural urinium. 

. .  

Doe8 not include 222Rn generated in duat particles by decay of 226Ra.  

I 
10 
10 
\o 

I 
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Table 4.7. Airborne chemvaste releases from the model 
10,000-metric tonlyr SX-F UP6 plant 

Source 

Case 1 

Denitration and dissolution 
(NOx absorber) 

Solvent extraction 
Reduction 
Hydrofluorinstion 
Fluorination 
Fluorine cells 

Total 

Case 2 

Denitration and dissolution 
(NOx absorber) 

Solvent extraction 
Reduction ' 
Hydrofluorination 
FluoriM t ion 
Fluorine cells 
Waste impoundment 

Total 

Case 3 

Yellow cake feed calciner 
Denitration and dissolution 
(NO, absorber) 

Solvent extraction 
Reduction 
Hydrofluorhation 
Fluorination 
Fluorine cells 
~iomass and lime incinerator 

Total 

Denitration and dissolution 
(NOx absorber) 

Solvent extraction 
Reduction 
Hydrofluorination 
Fluorination 
Fluorine cells 
Waste calciner 

(NOx absorber) 

Principal chemicals (kg/day)a 

HF Hexane NO2 SO2 Mi3 

2 .  bE+2 
4.48+2 

2.7E+1 
8.4E00 
5.3E00 
l.OE+l 

2.4E+1 4.4E+2 2.6E+2 2.7E+1 

- - - 

4.4E+2 

1.7E-1 
5.3E-2 
2.OE-1 
- - 
4.2E-1 4.4E+2 

4.4E+2 

1.7E-1 
5.3E-2 
2 .OE-1 

4.2E-1 4.4E+2 
- 

1.7E-1 
3.1E-2 
8.98-2 

2.7E+1 

6 5  - - 
8.7E+2 2.7E+1 6.8E+2 

2.6E+2 
4.4E+2 

2.7E+1 

. Total 2.9E-1 4.4E+2 5.8E+2 2.7E+1 

$recess releases only -- in addition, there will be combustion products from heating fuels and vehicle 
exhausts . 



Table 4 . 8 .  Airborne radwaste treatment systems for the model SX-F UFg planta 

(Efficiencies given in parentheses) 

. Principal 
contaminant 

Source ' removed 

~- 

Case 1, base plant Case 2 Case 3 Case 4 

Sampling plant Particulates Bag filter (99.9%) b 

Oxide handling 

Deni tra t ion 

Reduction 

Hydrofluorination 

Fluorination 

Ash degassing and 
UFg sampline 

P p  cells Hp off-gas 

Building ventilation 
effluent 

Radwaste drying and 
packaging (Case 3 
only) 

Particulates 

HNO 3 

NoX 

Particulates 

HpS, S 

Particulates 

BF 

Particulates 

UFg product 

UFg, Fp. HF 

UF6 

HF 

Particulates 

Particulates 

b Bag filter (99.9%) 

Baffle scrubber - condenser 
(60% of nitrate values)f 

NO absorption tower (95%)g 

Primary 10-p  sintered stainless 
steel filter; secondary 10-p 
sintered stainless steel filter 

Flame arrester, Hp burner 

Primary porous carbon filter; 
secondary porous carbon filter 

Water-cooled HF condenser 
(HF, go$; particulates, 90%'); 
water, high-energy venturi 
scrubber (HF, 95%,m particulates, 
50%'); demister 

Primary 10-p sintered nickel 
filters, secondary 10-p  sintered 
nickel filters 

Cold traps, -20°C and -5OOC 
(effluent is 0.08 vol % UFgP; 
particulates, 95x1) 

Condenser, -18" to -27'C on P2 
cells to remove HF impurity in 
feed to system (27X)q; KOH high- 
energy venturi scrubber (HF, 99"/.; 
particulates, 80X1); demister 

None. (vented ti:rough UF4 vacuum 
cleaner system) 

Condenser, -18" to -27" (27%9 ; 
flame arrester; Hp hrner; 
water, high-energy venturi 
scrubber-condenser and 
denister (95x9 

None 

Not applicable 

Case 1 plus secondary bag Same as Case 2 
filter (86%)' 

Case 1 plus secondary bog 
filter (86%)' 

Same as Case 1 Same as Case 1 

Same as Case 2 

. .  

Case 2 plus HEPA filter (99.95%)d'e 

Same as Case 1 

Same as Case 1 Same as Case 1 

Case 1 plus water, high-energy Same as Case 1 
venturi scrubber (particulates, 
9g.0%h; so2, <1%i), demister 

Same as Case 1 Same as Case 1 

Same as Case 1 Same as Case 1 

Water-cooled HF condenser Same as Case 2 
(HF, 90~k; particulates, 90x1); 
water, medium-energy venturi 
scrubber (HF, 90%: particulates, 
50Z1); KOH packed tower 
(HF, 99%"*': particulates, 0%) 

Same as Case 1 Same as Case 1 

Same as Case 1 Same as Case 1 

Case 1 plus KOH packed tower Same as Case 2 
(HF, 99~"'~; particulates, 
SOX1) 

None KOH high-energy 
venturi scrub- 
ber and de- 
mister (99%)r 

Condenser, -18" to -27°C (27%v); Same as Case 2 
flame arrester; H2 burner; 
water, medium-energy venturi 
scrubber-condenser (90%); KOH 
packed tower (99%".') 

Same as Case 1 

Case 2 plus HEPA filter (99.95~)~'~ 

Same as Case 1 

Case 1 plus HF-resistant HEPA 
filter (99.95%)J after HF 
removal 

Water-cooled and brine-cooled 
HF con ensers (HF, 99% for 

KOH packed tower HF, 99%"' ; 
particulates, 50% ) 

system rt ; particulates, 90%'~; 
f 

Case 1 p l u s  liF-resistant HEPA 
filter (99.95%)3 after UFg, Fp, 
and HF removal 

Same as Case I 

Fluorination process change - 
less Fp and HF to treat ( 2 0 % s ) ;  
-84OC condenser on Fp cells to 
reduce HF impurity in F2 fed to 
system (65%)t; UF6 cleanup reactor 
followed by filters (effluent con- 
tains 20 ppm u"); KOH venturi 
scrubber (HF, 99%r) ; KOH packed 
tower (HF, 9gxn*O); wet scrubbing 
system (particulates, 90x1) 

Case 3 plus HF-resistant HEPA 
filter (99.95x)J 

Fluorination process change - 
less HF to treat (20%'); 
condenser, -84°C (65%) t; water, 
medium-energy venturi scrubber- 
condenser (90%); KOH packed tower 
(9 9%" 3, 

None 

Not applicable 

Baffle (orifice) Bag filter (99.9Xb) 
water scrubber 
(93%b) 

Not applicable Primary and 
secondary bag 
filters (99.986XC) 

- 
agag filter refers to pulse-jet type. 

bA8sumes that uranium dusts behave as typical industrial dusts; efficiency given by C. J. Stairmand, "Removal of Dust from Gases," pp. 398-99 in 
Processes for Air Pollution Control, ed. by G. Nonhebel, Chemical Rubber Co.. Cleveland, Ohio, 1972. 

'Assumes that under industrial conditions a system of a primary bag filter backed by a second bag filter will achieve the efficiency of a single 
unit operation under optimum conditions (i.e., no leaky seals or holes in the bag) of 99.986% reported by K. J. Caplan and M. G. Mason, "Efficiency 
of Reverse-Jet Filters on Uranium Refining Operations," pp. 77-85 in Air Cleaning Seminar, Ames Laboratory, September 15-17, 1952, WASH-149 
(March 1954). The second bag filter collects any dust which leaks through the first one; this ordinarily amounts to relatively little material. 

dC. A. Burchsted and A. B. Fuller, Design, Construction and Testing of High Efficiency Air Filtration Systems for Nuclear Application, ORNL-NSIC-65 
(January 1970), p- 3.1. 

eTested periodically with dioctyl phthalate. 

fConservative; slightly less than the 2 / 3  reported in Kerr-McGee Corporation, Applicants Environmental Report Sequoyah Uranium Hexafluoride Production 
- Plant, DOCKET 40-8027 (June 1972), p. 48.  

'B. J. Mayland and R. C. Heinze, Chem. Eng. Progr. 69(5), 75-76 (May 1973). 

hPartlculates passing the 10-11 sintered metal filters were assumed to have an average particle size of 2 p ;  efficiency of wet scrubbers on 2-u particles 
was obtained from C. J. Stairmand, "Processes for Air Pollution Control," p. 365 in Processes for Air Pollution Control, ed. by G. Nonhebel, Chemical 
Rubber Co., Cleveland, Ohio, 1972, and C. J. Stairmand, The Chemical Engineer 194, CE 315 (December 1965). 
iAssumptions discussed in Sect. 4.4.6.2. 

jTechnology not fully developed [W. L. Belvin, M. A. Krimmel, H. C. Schwalbe, and E. N. Gleacon, Summary Report on Development of New Fluoride Resistant 
HEPA Filter Medium, TID-26649, HERTY Foundation, Savannah, Georgia (in preparation)]. 
efficiencies comparable to regular HEPA filters will become available. 

Assumes that ultimately HF-resistant HEPA filters with 

%. H. Pechin, R. E. Blanco, R. C. Dahlman, B. C. Finney, R. B. Lindauer, and J. P. Witherspoon, Correlation of Radioactive Waste Treatment Costs and 
the Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle for Use in Establishing "As Low As Practicable" Guides - Fabrication of Light- 
Water Reactor Fuel from Enriched Uranium Dioxide, ORNL-TM-4902 (May 19751, p. 38. 

kngineering estimate. 

"L. S .  Harris, Chem. Eng. Progr. g(4), 55-59 (1966). 
"R. Yates (Health Physicist, Allied Chemical Corporation Metropolis Plant), personal communications to M. B. Sears, Nov. 13, 1974,and Dec. 10, 1974. 

OR., analogy to HC1 scrubbing [ S .  K. Kempner, E. N. Seiler, and D. H. Bowman, J. Air Pollut. Control Assoc. %(3), 139-43 (1970)l. 

'S. H. Smiley, "Gas-Solids Reactors in Uranium Processing: A Critical Review," p. 260 in Progress in Nuclear Energy Series, IV, Technology, Engineering, 
and Safety, Vol. 4 ,  ed. by C. M. Nicholls, Pergamon, New York, 1961. 

'Calculated by assuming as-produced Fp has the composition given by A. P. Huber, J. Dykstra, and B. H. Thompson, "Multi-ton Production of Fluorine for 
Manufacture of Uranium Hexafluoride," Paper P/524, Proc. U.N. Intern. Conf. Peaceful Uses At. Energy, Znd, Geneva, 1958, i, 172-80 (1958). and that the 
F2 feed to the model plant has the composition reported by C. A. Powell, "Current Manufacturing Processes Used in the United States for Mass Production 
of UFg from Purified UO3," Paper P/1840. Proc. U. N. Intern. Conf. Peaceful Uses At. Energy, Znd, Geneva, 1958, 4. 165-71 (1958). 
rBy analogy to caustic scrubbing of Clp [L. S. Harris, Chem. Eng. Progr. g ( 4 ) ,  55-59 (1966)l. 

SAssumptions discussed in Sect. 4.4.8.3. 

tEfficiency is calculated from paper by Huber et al. (see footnote 4). 

UEfficiency as reported by J. L .  Powell, W. R. Foreshee, and S. Bernstein, Ind. Eng. Chem. 2, 919-20 (1959). 
VBy analogy to the efficiency of the condenser on the Fp stream (see footnote 4). 



Table 4.9. Liquid radwaste model 10,000-metric ton/yr 

Principal radionuclides (Ci/yr) 

h . "High-impuri y" 
P" feed option 

234~h "Low-impur i t 
Liquid feed option 234mpi f 

Source (e/day) each 230Th 226Ra 230~h 22 6Ra 
flow 

Maximum permissible concentration, pCi/ml 
10 CFR 20, Table 11, General population 

Case 1 

Solvent extraction 

Hydrofluorination water scrubber 

Fluorine cell water scrubber 

Fluorination KOH scrubber 

Total 

Avg uCi/ml (before dilution) 

Case 2 

Solvent extraction 

Hydrofluorination water scrubber 

Fluorine cell water scrubber 

KOH bleed with moist fluorination 
CaF2 filter cake 

Total 

Avg. uCi/ml (before dilution) 

Case 3 

Solvent extraction 

Fluoride scrubbers (same as Case 2)  

Total 

Avg. pCi/ml (before dilution) 

Case 4 

Solvent extraction 

Fluorine cell water scrubber 

2 E-5 2 E-5 2 E-6 3 E-8 2 E-6 3 E-8 

- - - _  -- . -___ 
1.72E+5 5.17E-2 2 .  29E-lg 2.80E-2 2.00E-3 1.42E-1 3.12E-3 

0.16E+5 <0.01E-2 <0.01E-1 <0.01E-2 <0.01E-3 C0.01E-1 <0.01E-1 

0.54E+5 - - - - - - 
0.19E+5 2.69E-2 <0.01E-l <0.01E-2 <0.01E-3 <0.01E-1 <0.01E-3 

2.62E+5 7.86E-2 2.29E-18 2.80E-2 2.00E-3 1.42E-1 3.12E-3 

3.9 E-8 1.8 E-6 1.0 E-6 2.9 E-6 3.5 E-7 2.5  E-8 

3.33E-6 
- 

0.45E-6 

3.78E-6 

1.8 E-10 

5.28E-2 

0.45E-6 

5.28E-2 

1.6 E-7 

(Waste impounded) 
1.92E-6h 1.40E-8 

- - 
0.26E-6 1.81E-8 
-- 

2 .  1;E-sh 3.21E-8 

1.0 E-10 1.5 E-12 

8. 35E-li 2 .  aOE- 2 

0.26E-6 

8. 35E-li 2.80E-2 

1 . 2  E-5 4.0 E-7 

1.81E-8 

1.00E-11 
- 

1.30E-11 

(HNO3 recovered and water recycled) 
- - - - 

2.30E-11 

1.1 E-15 

2.00E-3 

1.30E-11 

2.00E-3 

2.9 E-8 

7.09E-8 
- 

9.18E-8 

1.63E-7 

7.6 E-12 

1.42E-1 

9.18E-8 

1.42E-1 

2.0 E-6 

- 

7.83E-11 
- 

1.01E-10 

1.79E-10 

8.4 E-15 

3.12E-3 

1.01E-10 

3.12E-3 

4.5 E-8 

- 
~ 

aAssumes that 50%'of the thorium and 0.5% of the radium in the primary solvent extraction feed are extracted by TBP with the uranium and are 
separated from it during fluorination. 
is rejected to the solvent extraction waste. 

The ash is stored 6 months to permit decay of 234Th and associated 234mPa before recycle. Recycled 230Th 

addition, 25 wt % hydrofluoric acid is released for industrial use (Table 4.21). Environmental effects from this acid will depend on its 
end use, but the radiological effects are expected to be low because the acid contains only small amounts of radioactive materials. 

'Plant feed contains 2800 pCi of 230Th and 200 pCi of 226R, per g of Unat. 

dPlant feed contains 14.200 pCi of 230Th and 1600 pCi of 226Ra per g of Unat. 

eone curie of natural uranium is defined as the sum of 3.7 x lolo dis/sec from 238U, 3.7 x lolo dis/sec'from 234U, and 9 x l@ dis/sec from 
2 3 5 U ;  it is also equivalent to 3000 kg of natural uranium. 

fMetastable 234Pa, tlI2 = 1.18 min. 

gHoldup time in waste treatment of 74 days. 

%oldup time of 30 days. 

%oldup time in waste treatment of 24 days. 

About 90% of the 234Th and 234"'Pa in the waste has decayed. 

234Th and 234mPa have grown back to 60% of secular equilibrium. 

About 50% of the 234Th and 234%'a in the waste has decayed. 

I 
h) 
w 
h, 
I 

, 



Table 4.10. Liquid chemaste releases from the model 10,000-metric ton/yr 
SX-F UFg plant 

Princi a1 chemicals (k /da 
Liquid Nitrate. Fluoride, Sulfate. Ammonium, Calcium, ZLdium. Potassium, Bicarbonate. 

- - 
Source (Elday) NO 1- F so42- ml$+ Ca K+ HCO? + Na 2+ flow 

\ 
I 

Case 1 

Solvent extraction 

Fluoride scrubbers 

Total 

Case 2 

Solvent extraction 

Hydrofluorination water 

Fluorine cell water scrubber 

KOH bleed stream with 

scrubber 

moist CaF2 filter cake 

Total 

Case 3 

Solvent extraction 

Fluoride scrubbers 
(same as Case 2)  

Total 

Case 4 

Solvent extraction 
(Rectifier overheads) 

Fluorine cell water 
scrubber 

ToCal 

1.72E+5 1.4 1E+4 

0.90E+5 - 
2.62E+5 1.41E+4 

1.64E+4 - 
5.45 E+4 - 

4,45E+2 

7.13E+4 - 
- 

1.76E+5 7.8E00 

0.71E+5 

2.47E+5 7.8E00 

- 

1.47E+4 3. OEOO 

5.45E+4 

6.9 2E+4 3. OEOO 

- 

- 
2.7E+1 

2.7E+1 

0.4E00 

1.4E00 

<O. lEOO 

1.8E00 

- 

1.8E00 

1.8E00 

- 

1.4E00 

1.4E00 

(Waste impounded)a 

2.4E+2 4.5E-1 

5.OE+1 - 
2.9E+2 4.5E-1 

0.4E00 - 
1.4E00 - 

<0.1E00 - 
1.9E00 - 

- 1.04E+3 

1.9E00 - 

1.9E00 1.04E+3 

1.4E00 - 
1.4E00 ' - 

I 
N 
W 
W 
I 

Case 2 there is a potential for accidental releases of NHsN03 via dike failure or seepage if the integrity of the liner should fail. 



Table 4.11. Solid chemwaste-radwaste generated by the model 10.000-metric tonlyr SX-F UF6 plant 
for "low-impuritygqa and ("high-impurity")b feed optionsc*d ,e 

Principal radionuclides 

Average concentration (uCi/g) Total (Ci/yr) 
226h, 222Rn, 
218Po, 214Pb, 234Th, 

234mpa g '14Bi 'l4Po, 
each 230Th each 

226Ra, 222Rn, 
guant ity 
(metric 231,mpag '14Bi, '14P0, 

218po, 214pb 234~h 

f 
"nat Source tonslyr) Unat each 230Th each - 

h Avg. composition of earth's crust 

Case 1 

Radwaste: sludges from treating 
SX raffinate, stored in radwaste 
settling basin 

1190 
(1290) 

7.3E-1 7.3E-1 

1 'E-6 1 E-6 1 E-6 1 E-6 

2.8E+1 2.OE00 6.1E-4 6.1E-4 2.4E-2 1.7E-3 
(1.4E+2) (1.6E+1) (5.7E-4) (5.7E-4) (1.1E-1) .( 1.2E-2) 

Chemwaste: CaF2 from treating 
scrubber liquors stored in 
fluoride settling basin 

Case 2 
. -  

Radwaste: sludges from treating 
SX raffinate, stored with nitrate 
waste in lagoons 

Chemwaste: CaF2 from treating 
scrubber liquors stored in 
fluoride settling basin 

Case 3 __ 
Radwaste: solids from treating 
SX raffinate, dried and drummed 
for disposal , 

Chemwaste: CaF2 from treating 
scrubber liquors, stored in 
fluoride settling basin 

Case 4 -- 
Radwaste: solids from neutralizing 
SX raffinate, cemented and drummed 
for disposal 

Chemwas te : 

Solids from lime-treating SX 
raffinate. stored in chem- 
waste pit 

Soluble salts from treating 
SX raffinate, dried and 
drummed for disposal 
CaF2 from treating KOH 
scrubber liquors, stored 
in fluoride pit 

CaF2 from treating fluorine 
cells water scrubber liquor, 
stored in fluoride settling 
basin 

525 9.3E-2 9.3E-2 7.OE-5 
(3.6E-4) 

4.5E-6 1.8E-4 
(7.OE-6) 

1.8E-4 1.3E-7 8.5E-9 
(6.8E-7) (1.3E-8) 

430 

600 

1150 
(1280) 

600 

8.OE-1 

5.7E-2 

8.OE-1 

5.7E-2 8.1E-6 
(4.1E-5) 

1.8E00- - 1: 9E-3 -1~9E-3-- 6.5E-2 - - -4.2E-3 
(1.4E+l) (3.3E-1) (3.3E-2) 

5.8E-9 9.4E-5 9.4E-5 1.3E-8 9.: 4E-12 
(4.5E-8) (6.8E-8) (7.5E-11) 

8.OE-1 

5.7E-2 

8.OE-1 

5.7E-2 8.1E-6 
(4.1E-5) 

2 .  OEOO 7.OE-4 7.OE-4 2.4E-2 1.7E-3 
(1.2E-2) (6.3E-4) (6.3E-4) (1.lE-1) (1.6E+1) 

5.8E-9 9.4E-5 9.4E-5 1.3E-8 9.4E-12 
(4.5E-8) (6.8E-8) (7.5E-11) 

4640 8.5E-1 8.5E-1 2.8E+1 
(1.4E+2) 

770 

132 

122 

52 

2.8E-2 2.8E-2 6.78-3 
(3.4E-2) 

2.3E-5 2.3E-5 5.5E-5 
(2.8E-4) 

1.7E-2 1.7E-2 8.1E-6 
(4.1E-5) 

2 .  OEOO 1.8E-4 
(1.6E+1) 

1. BE-4 6.OE-3 4.3E-4 
(3.OE-2) (3.4E-3) 

4.8E-4 3.6E-5 
( 3.8E-3) 

3.6E-5 8.6E-6 6.1E-7 
(4.3E-5) (4.8E-6) 

1.4E-5 1.7E-7 
(1.1E-4) 

1.7E-7 4.2E-7 l.lE-7 
(2.1E-6) (B.3E-7) 

5.8E-9 1.3E-4 
(4.5E-8) 

1.3E-4 6.6E-8 4.7E-11 
(3.4E-7) (3.7E-10) I 

N 
b., * 
I 

aPlant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per g of Unat. 

bPlant feed contains 14,200 pCi of 230Th and 1600 pCi of 226Ra per g of Unat. 

'Only radioactive materials in the yellow cake feed to the plant are considered; possible radioactive impurities in the chemical feed to the plant 

dStored 6 months so that 234Th and 234mPa are in secular equilibrium with 238U, and radium daughters through 'l4Po are in secular equilibrium with 

are not included. 

2 2 6 R a ;  assumes negligible loss of 222Rn gas during storage. 

eAssumes that 50% of the thorium and 0.5% of the uranium in the primary solvent extraction feed are extracted by TBP with the uranium and are 

fOne curie of U 

gMetastable 234mPa. tl,2 = 1.18 min. 

hEstirnated by assuming the presence of 3 ppm uranium in the earth's crust and secular equilibrium. 

separated from it during fluorination. 

is defined as the sum of 1 Ci of 238U, 1 Ci of 234U, and 2.43 x lo-' Ci of 235U; 1 Ci of Unat is also equivalent to 3000 kg of Unat. na t 
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Table 4.12. Dust-bearing air flows at the model 10,000-metric 
tonlyr SX-F UFg plant 

\ 

Source Figure Code , Air flow 
No. (scfm) (smjlmin) 

Process materials handling 
Sampling 

Process 
Vacuum cleaner system 

Refining 

4.5a 
4.5 

Drum dumping 4.5a 
Drum cleaning 4.5 
Feed calciner (Case 3 only) 4.17 
Oxide grinding 
Oxide vacuum cleaner system 

4.5a 
4.5 b 

Conversion 

d UF4 handling 
UF4 vacuum cleaner system 

Uranium recycle 
Ash handlinge 
Ash drum dumping 

4.5c 
4.5 

4,5c 
4.5 

Waste treatment materials handling 
Radwaste handling (Case 3 only) 

Radwaste dryer 4.5 
Radwaste packaging 4.5 
Radwaste vacuum cleaner system 4.5 

Lime recovery (Case 3 only) 
Lime calciner 
Lime handling 

4.19 
4.19 

Magnesia recovery (Case 4 only) 
Magnesia handling 4.25 
Chemwaste handling 4.25 

Building air 
Process cooling fans and personnel protection 

10 fans at 1000 cfm each 
2 hoods at 6500 cfm each 

Building ventilation effluent 
12 fans at 25,000 cfm each 
2 hoods at 14,000 cfm each 

la 
lb 

2a 
2b 
2c 
2e 

2d + 2f 

5a 
5b + 6b + 9d 

6a + 9a + 9b 
9c 

10a 
10b 
1oc 

54 
55 

65 
64 

12A 

13A 

10,000 

4,000 
6,000 
5,000 
500 
500 

3,000 
1,000 

2,000 
1,000 

15,000 
3,000 
500 

1,000 
4,000 

6,000 
500 

10,000 
13,000 

300,000 
28,000 

284 ' 

113 
170 
142 
14.2 
14.2 

85 
28 

57 
28 

424 
85 
14.2 

42 
113 

170 
14.2 

234 
368 

8500 
794 

aAlso shown on Fig. 4.2. 
bRefinery vacuum cleaner system collects both yellow cake and purified oxide. 
'Also shown on Fig. 4.3. 
dConversion plant vacuum cleaner system collects both UF4 and ash, which is 

e 
predominantly UF4. 
Batch operations; one dust collector serves several streams. 
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Table 4.13. Airborne uranium releases from the model 10.000-metric ton/yr 
SX-F U F ~  p1anta.b 

(Codes shown in Figs. 4.2-4.6) 

Quantity of U nat released (kglyr) 
Case 1 
(base 

Source Code plant) Case 2 Case 3 Case 4 

Sampling 

Refining 
Drum dumping 
Drum cleaning 
Feed calcinerC 
Vacuum cleaner system 
Oxide grindingd 
Vacuum cleaner system 

,-I 4 

'[ * 

UFs handlinge 
UFb vacuum cleaner system 

Fluorinati n E[ Process P 
Ash degassing 

Ash handling and grindingg 

Waste drying and packagingg 

Building vent ilat ionh 

Total 

1A 

2a 
2b . 

2c 
15a 
15b 

3A 

4A 
5a 
5b 

8A 

6A 6 9A 

10A 

12A 6 13A 

31.4 

31.4 
30.7 
n.a. 
5.5 
12.0 
1.1 

28.3 

co.10 
51.0 
45.4 

91.2 
20.0 

3.2 

n.a. 

84.7 

435.9 

4.4 

4.4 
4.3 
n.a. 
0 . 8  
1.7 
0.15 

0.28 

'co.10 
7.1 
6.4 

0.9 
20.0 

0.45 

n.a. 

84.7 

135.6 

4.4 

4.4 
4.3 
6.0 
1.3 
1.7 
0.15 

0.28 

c0.10 
7.1 
6.4 

0.9 
0.2 

0.45 

<0.01 

7.3 

0.22E-2 

0.22E-2 
0.21E-2 
n.a. 
0.01E-2 
0.01E-2 
(0.01E-2 

0.01E-2 

0.75E-2 1 
0.05E-2 
<0.01E-2 

0.02E-2 

<0.02E-2 

8.47E-2 

44.9 10.OE-2 

'Estimated by analogy to similar operations at the Allied Chemical Metropolis Plant; see Part I of this 

bTreatment efficiencies listed in Table 4.8. 
'Assumes that 60% of the feed is calcined, and that the amount of airborne dust generated as a percent Of 
throughput is similar to yellow cake drying at a uranium mill. 
dQuantity of dust generated in oxide grinding as a percent of throughput is assumed to be 10% of the total 
generated at a typical uranium mill for drying, grinding, plus packaging yellow cake. 
eIncludes estimated UFs dust release from solids handling for FZ (Cases 1 to 4) and uF6 (Case 4 only) 
cleanup reactors. 
the cleanup reactor(s) before the primary fluorinator and that conventional solids handling techniques 
(screw conveyers, hoppers, etc.) are used. 

cold traps and treatment efficiencies as given in Table 4.8. 

study, ORNL/NUREG/TM-7, p. 176. 

Cases 1 t o  3 assume that 35% of the UFs (Case 4, 50% of the UF,) passes through 

fFluorination losses were calculated by assuming a gas flow containing 0.08 vol X UFg from the UFs 

gAssumptions listed in Table 4.14. 
hRelease through untreated building ventilation effluent assumed to be 40% of the process dust 
control effluent with Case 1 level treatment; advanced cases proportioned on this basis using 
treatment efficiencies of Table 4.8. 

n.a. = not applicable. 
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T a b l e  4 .14 .  A i r b o r n e  a s h  and  r a d w a s t e  d u s t  releases 
f rom t h e  model  SX-F UF6 p l a n t  

~~ 

Release 
( X  of  a s h  o r  waste p r o c e s s e d )  

S o u r c e  Case 1 Case 2 Case 3 Case 4 

Uranium r e c y c l e  

C o l l e c t i n g  f l u o r i n a t i o n  ash -- 
b e f o r e  d e c a y  

Ash dumping t o  g r i n d e r  - a f t e r  
d e c a y  

Ash g r i n d i n g  

Ground a s h  p a c k a g i n g  

Ash dumping,  r e c y c l e  t o  p r o c e s s  

B u i l d i n g  v e n t i l a t i o n  e f f l u e n t  

B e f o r e  decay .  

A f t e r  decay  

Radwaste  h a n d l i n g  

Radwaste  d r y i n g  

Radwaste  p a c k a g i n g  

Radwaste  vacuum c l e a n e r  s y s t e m  

B u i l d i n g  v e n t i l a t i o n  e f f l u e n t  

4.OE-4 

3.1E-4 

1.2E-4 

4.8E-4 

3.1E-4 

1.6E-4 

4.9E-4 

Not 

5.60E-5 

4.34E-5 

1.68E-5 

6.72E-5 

4.34E-5 

1.60E-4 

4.90E-4 

a p p l i c a b l e  

5.60E-5 

4.34E-5 

1.68E-5 

6.72E-5 

4.34E-5 

1.12E-5 

3.43E-5 

3.1E-4 

6.7E-5 

3.OE75 

8.1E-5 

2.8E-8 

2.2E-8 

8.4E-9 

3.4E-8 

2.2E-8 

1.6E-7 

4.9E-7 

Not 
a p p l i c a b l e  



Table 4.15. Dissolution feed including recycle streams - Cases 1 
and 2, for the model 10,000-metric ton/yr SX-F UFg plant 

(Shown schematically on Fig. 4.2) 

Chemicals Volume 
Description (kglday) (Llday) 

Uranium bearing streams 
Yellow cake from milla 
(Sect. 4.4.5.1) 

U 

NH4 . 
+ 
+ 

Na 

~ 0 3 ~ -  

Na3Uy07 slurry recycle from solvent 
treatment (Sect. 4.4.5.6) 

U 

Na + 

UFk scrap recycle (Sect. 4.4.5.4) 

U 

F 
- 

Acid - 
Makeup 60% HNO3 

Recycle 40% HN03 from scrubber- 

Recycle 30% HN03 from NOx absorber 

condenser on denitrator (Sect. 4.4.5.8) 

(Sect. 4 . 4 . 5 . 8 )  

Chemical additives 

BaC03 (for radium control in the 
waste, Sect. 4.4.11) 

Al(N03)3 (for control of corrosion in 
the misc. dissolver, Sect. 4.4.5.4) 

KOH scrub liquor (to remove HF from 
the misc. dissolver off-gas, 
Sect. 4.4.5.4) 

33,330 

1,070 

560a 
10 0 

, .  

5,900 
'0°  90 I 
170 

53 

13,100 ' 

10,640 

6,040 

160b ' 

1,790 

80 

16,000 
21,400 

18,800 

Simplified feed used for estimating solvent extraction flows is 42.5 mole % 
(NH~)~SO~, 42.5 mole X UO3, and 15 mole % Na2U207. 
Na2C03, which consumes acid. 
are listed in Table 4.2. 

a 
The only impurity shown is 

Other impurities, including other sodium salts, 

bFor 99% radium removal; for 99.8% radium removal, add 800 kglday of BaC03. 
C No BaC03 treatment in Case 2. 
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Table 4.16. Solvent extraction and solvent treatment flows 
for the model 10,000-metric ton/yr SX-F UFg plant 
(Codes shown on Fig. 4.7; discussion, Sect. 4.4.5.5) 

Free - Flow rate U HNO 3 
Description Code (E/day) ( d e >  (U) 

Solvent extraction . 

Primary aqueous feed 1 6.28E+4 540 1.5 

Scrub raffinate 2 1.70E+4 100 1.4 

Extraction feed 3 7.98E+4 450 1.5 

Organic feed 4 2.69E+5 - - 

* Extraction raffinate (waste) 2R 7.57E-l-4 0.10 1.26 
Extraction product 

Scrub water 

Wash product 

Strip water 

Purified uranyl nitrate 
solution 

6 2.80E+5 130 0.1 
7 1.70E+4 - - 

8 .  
9 

10 

Stripped solvent 11 

Solvent treatment 

1.5% (NH4)zSOh wash 

1.1% NaOH washa 

12 

13 

Scrub water 14 

Recovered uranium 
* Solvent treatment waste 

15 

2T 

120 
- 

120 

2.69E+5 2.6 - 

1.34E+4 - - 
1.34E+4 - - 

2.45E+4 - - 

5.87E+3 120 - 

4.54E+4 0.02 - 

a In Case 4, Mg(OH)2 replaces NaOH. 

Asterisk denotes waste stream. 
. .  * 
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a Table 4.17. Solvent treatment (uranium recovery) material flows 
for the model 10,000-metric ton/yr SX-F UF6 plant 

(Codes shown on Fig. 4.7; liquid flows in Table 4.16; . 
discussion in Sect. 4.4.5.6) 

Chemicals (kg/day) 

OH- Mg 2+ Sob2- Na + Code Description U NO? - NH~+ 

11 Stripped organic from 
- - - - solvent extraction 700 365 - 

12 1.5% (NH,)2S04 wash - - 54 143 - - - 

13 Caustic wash 
- - - - 253 187 n.a. b Cases 1-3, 1.1% NaOH 

Case 4, Mg(OH)2 slurry' - - - - n.a. 300 215 

15 Recovered uranium slurry 
(recycled to dissolver) 

Cases 1-3 
Case 4 

2T * Solvent treatment waste 
Cases 1-3 
Case 4 

700 41 6 16 88 4 n.a. 
700 41 6 16 n.a. 99 119 

0.9 324 48 127 165 33 n.a. 
0.9 324 48 127 n.a. 0.2 96 

a 

b25% excess NaOH based on the equation: ZU02(N03)2 + 6NaOH + Na2U207 + 4NaN03 + 3H20. 
'100% excess Mg(OH)2 based on the equation: 2U02(N03)2 + 3Mg(OH)2 

There is uncertainty in these estimates. 

MgU,O, + 
2Mg(NO,>2 + 3H20. 

n.a. = not applicable. 
* 
Asterisk denotes waste stream. 
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Table 4.18. Denitration material fl.ows 
for the model 10,000-metric ton/yr SX-F UFg plant - Cases 1-3 

(Shown schematically on Fig. 4.2; discussion in Sects. 4.4.5.7 and 4.4.5.8) 

\ 

Chemicals Volume 
Description ( kg /day ) (Illday) 

Feed 

Purified U02(N03)2 solution 
(from solvent extraction) 

(NH4) 2SOqa 
(additive to boildown) 

UO? product 
(to conversion to UFg) 

Recycle streams 
Deionized water (condensate from 
concentration and boildown; 
recycled to solvent extraction) 

40% HN03 recovered by scrubber- 
condenser from denitrator 
off-gas (recycled to dissolution) 

30% HN03 recovered by NO 
absorber (recycled to 'dissolution) 

Wastes 

* Surplus weak acid 
(stream 2s; to waste treatment) 

* NO2 release 
(stream 2B) 

33,500 
17,800 

138 

40,300 

Trace 

10,600 

6,040 

710 

260 

} Q70,OOO 

'b180,OOO 

21,400 

18,800 

42,800 

a Chemical promoter for subsequent reduction and hydrofluorination steps. 

Asterisk denotes waste stream. .' 
* 



Table 4 . 1 9 .  Reduction waste streams and material flows for the model 10,000-metric ton/yr SX-F UF6 planta 
(Codes shown on Fig. 4 . 8 ;  discussion in Sect. 4 . 4 . 6 )  

Flow rate (kg/day) 

S o p  or CO2 or 
Stream Gas flow (sm3/min) Liquid SO 2- ~032- 

calc. calc. 
Code Type Description study Total H 2 0  H 2  N2 0 2  ( f.1 day) U H2S as SO2 as CO2 

Case flow 

3 (hseous Feed t o  reduction off- 1-4 7 . 3 6  2 . 2 1  2 . 2 1  2 . 9 5  9 .43E-2  1 4 . 4  I 

$as waste treatment 
system 

3 A  (hse~us I:trlucnt released to 1 1 4 . 3  4 . 4 2  9 . 2 9  0 . 5 7  
atmosphere from 2-4 1 4 . 3  4 . 4 2  9 . 2 9  0 . 5 7  
reduction 

38 Caseous Air feed to H;. H;S 1-4 7 . 9 9  
burner 

6 . 3 2  1 . 6 7  

3C Caseous Feed to venturi 
scrubber 

1 Not applicable 
2-4 1 4 . 3  4 . 4 2  . -  9 . 2 9  0 . 5 7  

9 . 4 3 E - 2  - 2 7 . 1  6 . 8  
9 .43E-4  - 2 7 . 1  6 . 8  

I 
t;r 

6 . 8  c- 
h) 

I 

9 .43E-2  - 2 7 . 1  6 . 8  

31. Liquid Waste stream from 1 N0.t applicable 
reduction water 2-4 1 1 . 4  9 .33E-2  - - - 
scrubber (to 
d i.gest ion) 

dr\ssumpt ions : 
(1) 100% excess H- used in reduction. 
( 2 )  507: excess air used to burn H: and HzS. 
( 3 )  
( 4 )  Sulfur in reduction off-gas assumed to be HzS. 
( 5 )  Efficiencies of off-gas treatments are listed in Table 4 . 8 .  
( 6 )  

3000  ppm SO,'- per g' U added as a chemical promotor during boildown: 

Scrubbers are recirculating systems and operate hot (?.70°C) with no'water condensation from the off-gas o r  evaporation of water . 
into the gas stream. 



Table 4 . 2 0 .  Hydrofluorination waste streams and material flows for the model 10.000-metric ton/yr 
SX-F U F ~  planta 

(Codes shown on Figs. 4.10 and 4.11; discussion in Sect. 4.4.7) 

Stream Case 
Code Type Description study 

4 Gaseous Feed to hydrofluorination off-gas 
waste treatment system 1-4 ’ 

4A Gaseous Effluent released to atmosphere 1 
from hydrofluorination 2,3 

4 

Flow rate (kg/day) 
H,O vapor or 

from vapor 
phase 

Gas Liquid H20 condensed 
flow flow 

(sm3 /min) (elday) U F- H+ 

7.36 
1.78 
1.78 
1.76 

4B Gaseous Feed to wet scrubbers (i.e., 1-3 2.27 
waste stream from aqueous HF 4 . 1.76 
condensers) 

4K Liquid Waste stream from hydro- 
fluorination KOH scrubbers 

1 
2-3 
4 

4L Liquid Waste stream. from hydro- 1 
fluorination water scrubbers 2,3 

b 

8.488+1 . 5.08E+3 

c3.338-4 7.98E00 4.24E-1 9.53E+1 
<3.33E-4 1.60E-1 8.b8E-3 9.53E+1 
<1.17E-7 1.6OE-1 8.48E-3 6.80E+1 

8.70E-3 1.60E+3 

6.99E-4 1.60E+2 8.48800 .5.03E+2 
5.03E+1 6.998-4 1.60E+1 8.48E-1 

Not applicable 
- nil 1.58E+l 5.84E+2 nil 

5.84E+2 3: 338-4 1. 58E+1 nil 

1. b4E+4 3.33E-4 1.52E+2 8.07E00 4.09E+2 
1.648+4 3.33E-4 1.44E+2 7.62E00 4.09E+2 

- 

Not applicable 

40 Liquid 25% aqueous HF recovered by 1-3 5.56E+3 8.00E-3 1.448+3 7.62E+1 4.54E+3 
condensers for use in industry 4 6.17E+3 8.00E-3 1.588+3 8.35E+1 4.998+3 

aAssumptions : 
(1) 15% excess HF used in hydrofluorination. 
(2 )  Efficiencies of off-gas scrubbers and condensers are listed in Table 4.8. 
(3) Water scrubbers are single-pass, 3 gpm. 
( 4 )  KOH scrubbers are recirculating systems. Initial KOH concentration, 10 w t  %; final concentration, 2 Wt %. 
(5) Scrubbers operate at -32’C. 

bsm3/min of water vapor (product of hydrofluorination reaction), 1.7 sm’/min of nitrogen (to fluidize the beds), and 1.30 sm’lmin of HF (excess 
over stoichiometric). 

I 
h, c. 
w 
I 
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Table 4.21. Radionuclide compos.ition of recovered 
25 wt % HF in SX-F Cases 1 - p , b  

10 CFR 20 
MPC . Recovered 25 wt X HF 

Radionuclide Ci/yr uCi/ml ( u  Ci /ml) 

una t 8.OE-4 4.8E-7 2E-5' 

234Th 8 .  OE-4d 4.8E-7d 2E-5 

3 4 ~ a  8 .  OE-4d 4. 8E-7d 

230Th 3 .  4E-6e,f (1.7E-5)gs 2. OE-geyf (1.OE-8) g ,  2E-6 

226Ra 2. 4E-ge ,h (1.9E-8)g y h  1. 4E-12e9h (1.1E-11) g,h 3E-8 

a Assumptions : 
(1) 10,000-metric ton/yr model SX-F UF6 plant. 
(2) 15% excess HF to hydrofluorination. 
( 3 )  90% efficient condensers on off-gas. 
(4) 90% efficient particulate removal by condensers. 

bValues represent probable upper limit; estimated from analytical limit of 
detection for uranium passing the porous carbon filters. Data obtained 
through the courtesy of the Allied Chemical Corporation. 

One curie of natural uranium is defined as the sum of 3 . 7  x 10" dis/sec 
from 238U, 3 . 7  x 10'' dislsec from 234U, and 9 x 10' dis/sec from 2 3 5 U ;  
it is also equivalent to 3000 kg of natural uranium. 

C 

dAfter growth t o  secular equilibrium with 238U. 

e"Low-impurity" feed option; i.e., plant feed contains 2800 pCi of 230Th 
and 200 pCi of 226Ra per g of Unat. 

fAssumes 50% of the 230Th is extracted with the uranium by TBP. 

g"High-impurity" feed option; i. e., plant feed contains 14 200 p a  of 
230Th and 1600 pCi of 226Ra per g of Unat. 

hAssumes 0.5% of the 226Ra is extracted with the uranium by TBP. 

... . 



Table 4.22. Fluorination waste and recycle streams and material flows for the model 10,000metric ton& 
SX-F UF6 planta (Codes shown on Figs. 4.3, 4.11, and 4.12; discussion in Sect. 4.4.8) 

Gas flow (sm3/min) Liquid Solid 
Case H20 flow flow 

Code Type Description study Total "Inert" 0 7  vapor (t/day) (kg/day) 

8 

8A 

8B 

8 K  

8L 

8M 

8Ua 
8Ub 

8UC 
+8Ud 
8Ue 

8Uf 

Gaseous 

Gaseous 

Gaseous 

Liquid 

Liquid 

Liquid 

Solid 

Solid 

Solid 

Solid 

Solid 

Feed to fluorination off-gas 
KOH scrubbing system 

Effluent released to atmosphere 
from fluorination 

Cop feed to uranium recovery 

Fluorination KOH waste stream 
after uranium recovery 

Fluorination KOH scrubber liquid 
before uranium recovery 

10% KOH feed to fluorination 
scrubbers 
Fluorination ash (tower ash) 

Uranium recovered from fluori- 
nation scrubber liquor 
Fluorination ash (filter fines) 

Uranium fluoride solids from 
Fp cleanup reactor 

Uranium fluoride solids from 
UF6 cleanup reactor 

1-3 
4 
1 

2.3 
4 

1-3 
4 

1-3 
4 

1-3 
4 

1-3 
4 

1-4 

1-3 
4 

1-4 

1-3 
4 

1-3 
4 

2..49 2.18 
1.76 1.64 
2.32 2.18 8.51E-2 5.67E-2 
2.32 2.18 8.51E-2 5.67E-2 
1.70 1.64 1.13E-2 5.67E-2 

1.1E-2 
2.8E-4 

6.60E+2 
4.25E+1 
5.17E-1 
2.19E+2 

Flow rate (kg/day) 

U F K+ OH- CO 2- 

3.04E+1 5.00E+2 
5.35E-1 1.49E+2 
3.04E-1 5.00E00 
3.04E-3 5.00E-2 
5.35E-8 2.98E-2 

5.66E-1 
1.66E-1 
3.04E+1 
5.35E-1 

5.00E+2 
2.98E+1 
3.68E-1 
1.66E+2 

5.00E+2 1.31E+3 9.49E+1 4.58E+1 
1.49E+2 1.14E+2 3.31E+1 8.07E-1 
5.00E+2 1.32E+3 1.14E+2 
1.49E+2 1.14E+2 3.35E+1 

1.32E+3 3.89E+2 
6.85E+2 2.OOEe3 

1.60E+2 
4.90E00 
6.03E-2 

5.30E+1 

not applicable 
7.24E+1 5.49E+1 1.75E+1 

aAssumptions : 
(1) Cases 1-3 

Feed to fluorination: 
Solids are 97% UFq and 3% UOp, the average reported by 'Brater et al. for single-stage fluid-bed hydrofluorination ["Development and Production 
Experience with Mechanically Agitated Fluid Beds as Applied to the Hydrofluorination of Fine Uranium Oxide Powders," Chem. Eng. Progr., Symp. 
Ser. Pt. 15, 62, 1-11 (1966)l. 

96% Fp utilization in fluorination; e.g.,60% fluorine utilization in primary tower reactor [i.e., tower feed as reported by Crawford, Fluorination 
of All Enrichments of Uranium Oxides, GAT-P-43, Goodyear Atomic Corporation (June 24, 1968), p. 4 and middle of range reported by Smiley and Brater, 
"The Development of a High Capacity, Continuous Process for the Preparation of Uranium Hexafluoride from Uranium Oxides and Ore Concentrates," 
Paper P/252, Proc. U.N. Intern. Conf. Peaceful Uses At. Energy, 2nd. Geneva, 1958, k. 160 (1958). assuming no recycle of Fz to the primary tower] and 
90% fluorine utilization in the cleanup tower [e.g., downgraded F2 removal efficiency of DOE cleanup reactors (Pedigo et al., "Fluidized Bed Recov- 
ery of Fluorine in the Manufacture of UF6," Chem. Eng. Progr.,Symp. Ser. Pt. 15, 62, 12-19 (1966) because technology is not in the public domain]. 
Fp contains 8 vol % HF and 2 vol % "inert" components IC. A. Powell. "Current Manufacturing Processes Used in the United States for Mass 

Production of UF6 from Purified UO3." Paper Pf1840. Proc. U.N. Intern. Conf. Peaceful Uses At. Energy, 2nd Geneva, 1958, A, 165-71 
(1958) 1. 

2.18 sm3/min of "inert" gas ( N p  to feed solids to tower, seal leakage, oxygen from fluorination of oxide or oxyfluoride impurities), 0.08 
vol % UF6 in effluent from UF6 cold traps (average reported by Smiley, "Gas-Solid Reactors in Uranium Processing: A Critical Review." 
pp. 241-62 in Progress in Nuclear Energy, Series IV, Technology, Engineering and Safety, Vol. 4, edited by C. M. Nicholls, Pergamon 
Press, 1961). 

Case 4 
Feed to fluorination: 

Solids are 97% UFq and 3% U02 

99.5% Fp utilization in fluorination; e.g., 90% in primary tower reactor (i.e., by recycle of Fp to the tower or operating cold traps under 
a negative pressure, Smiley and Brater, E.) and 95% Fp recovery in the Fp cleanup reactor (Pedigo et al., N.). 

F2 contains 4 vol % HF and 2 vol X "inert" components [Huber et al., "Multi-ton Production of Fluorine for Manufacture of Uranium Hexa- 
fluoride," Paper Pf524, Proc. U.N. Intern. Conf. Peaceful Uses At. Energy, 2nd. Geneva, 1958. 4, 172-80 (1958)]. 

1.64 sm3/min of "inert" gas 

20 ppm of UF6 in effluent from UF6 cleanup reactor 

Efficiencies of wet scrubbers are listed in Table 4.8. 

KOH scrubbers are recirculating systems operating at 25'C. Initial KOH concentration. 10 wt %; final concentration. 2 wt %. Chemistry 
of scrubbers is described in Sect. 4.4.8.4. 

100% excess C o p  is added in uranium recovery assuming that all uranium is present as soluble KqUOs. 

I 
N 
E- 



Table 4.23. Fluorine cell waste and recycle streams and material flows for the 
model 10.000-metric ronlyr SX-F UFg planta 

(Codes shown in Figs. 4 . 4  and 4 . 1 3 )  

H70 vapor 

Code T v ~ e  Description 
from gas 

study Total Ng 07  (f./dav) F H+ phase co2 K+ OH- HZ FZ . 
7 

7A 

70 

7c 

7D 

7E 

7F 

76 

7K 

7L 

7M 

70 

7P 

Gaseous 

Gaseous 

Gaseous 

Gaseous 

Gaseous 

Gaseous 

Gaseous 

Gaseous 

Liquid 

Liquid 

Liquid 

Liquid 

Liquid 

Feed to fluorine cell Hz 
off-gas scrubbing system 

Effluent released to atmosphere 
from fluorine cell HZ off-gas 
system 

Feed to KOH scrubbers on 
H2 off-gas 

Hp effluent from HF 
condenser 

Hz feed to HF condenser 

Fz feed, to HF condenser 

Fz effluent from HF condenser 
feed to fluorination 

Air feed to H 2  burner 

Waste stream from KOH 
scrubber on HZ off-gas 

Waste stream from water 
scrubber-condenser on HZ 
off-gas 

10% KOH feed to scrubber on 
H2 off-gas 

HF recovered from H2 Stream 
for recycle 

HF recovered from F2 stream 
for recycle 

1-3 
4 

1 
2.3 
4 

1 
2,) 
4 

1-3 
4 

1-3 
4 

1-3 
4 

1-3 
4 

1-3 
4 

1 

4 

1 
2.3 

2.3 

I 
2.3 
4 

1-3 
4 

1-3 
4 

9.97 
9.63 

7.73 
7.70 
7.48 

7.73 
7.48 

2.63 
2.L4 

2.66 
2.58 

4.39 
4.25 

4 . 2 5  
3.96 

8.58 
8.30 

6.85 0.60 
6.63 0.57 

6.85 O.60 
6.85 0.60 
6.63 0.57 

6.85 0.60 
6.63 0.57 

0.06 
0.06 

0.06 
0.06 

0.06 
0.06 

0.06 
0.06 

6.80 1.78 
6.57 1.73 

I .  91 E+2 
8.481+1 

9,55100 
1.91 E-1 
8.481-2 

Not applicable 
1.91€+1 
8.48E00 

1.9lE+2 
8.48E+1 

2.6 3E+2 
2.548+2 

3.57E+2 
3.451+2 

2.61 E+2 
1.26E+2 

l.O2E+I 
4.51E00 

5.10E-1 
1.02E-2 
4 .  SI€-3 

1 .OZEOO 
4.511-1 

1.02Efl 
4 .  5 1  E00 

1.40E+l 
1.35E+l 

1.90E+1 
1,83E+1 

I. 38E+1 
6.71E00 

Not applicable 
9.391:+2 1.91€+1 
5.34E+1 8.48E00 

5.45E+6 1.82E+2 9.67E00 
5.45E+4 1.72E+2 9.16E00 
5.45Ef4 7.62€+1 4.06E00 

Nor applicable 
9.398+2 
5.34E+1 

7.21E+I 3.81E00 
1.701+2 9.03EOO 

9.66E+1 5.13E00 
2.191+2 1.16E+I 

2.78€+3 7.26E00 
2.681+3. 7.03EOO 

3.841+2 7.26100 
3.84E+2 7.26E-2 
3.71E+2 7.031-4 

3.841+2 7.26100 
3.71€+2 7.03E00 

7.26E00 
7.00E00 

Nil 7.21E00 
Nil 7.03E00 

2.39E+3 
2.31 E+3 

6.53€+1 5.67100 
3.70€+1 3.23100 

3.101+2 
3.00E+2 

3.10€+2 
3.001+2 

5.85€+3 
5.66Ef3 

5.86Ef3 
5.66€+3 

I 
N 
f- 
m 
I 

I 

aAssumptions: 
As-produced HZ (i.e.. Stream 70) contains 9 val Y. HF and 2 vol X "inert" components; as-produced fluorine (i.e., Stream 7E) 
contains 11 vo l  Z HF and 2 vol Z "inert" components [A. P. Huber, J. Oykstra, and 8 .  H. Thompson, "Multi-ton Production of 
Fluorine for Manufacture of Uranium Hexafluoride.'' Paper P l 5 2 4 .  Proc. U.N. Intern. Conf. Peaceful Uses A t .  Energy, 2nd Geneva, 
1958, 3, 172-80 (1958) 1 .  
Fluorine utilization is 96% in Cases 1-3, 99.5% in Case 4 .  
Efficiencies of off-gas scrubbers and condensers are listed in Table 4 . 8 .  
SOX excess air is used in the H2 burner. 
Water scrubbers are single-pass, 38 elmin, operating at 30'C. 
KOH scrubbers are recirculating systems operating at 30'C. Initial KOH concentration, 10 wt X ;  final concentration, 2 Wt %. 
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Table 4.24. Chemical composition of solvent extraction waste streams - a Cases 1 and 2, for the model 10,000-metric 'tonfyr SX-F UF6 plant 
(Codes shown on Fig. 4.2) 

Solvent Solvent Surplus 
treatment weak 

Description raf f inate waste acid F extract io 

Code 

Volume, !tf day 

HN03, E 

OH-, - M 

Chemicals, kgfday 

Nitrate (NO3-) - 
&onium (NH4 ) 

+ 
Yellow cake 
SX additive 

+ 
Yellow cake 
SX additive 

Sodium (Na ) 

SX additive 

feed 

feed 

Aluminum (A13+) SX additive 
Sulfate (soh2-> 

Yellow cake feed 
SX additive 

Arsenic ( A s )  

Calcium (Ca2+) 

Chloride (C1-) 

Fluoride (F-) 

I 

Yellow cake feed 
Scrap recycle 

2+ Iron (Fe ) 

Molybdenum (Mo) 

Phosphate 

Potassium (K ) + 
Yellow cake feed 
SX additive 

Vanadium (V) 

Silica (Si02) 

2R 2T 2s 

75,700 45,400 42,800 

1.26 0.26 

13,100 

1,070 
6 

800 
88 

230 

9 80 
16 
20 

63 

23 

3 
53 
130 
33 
87 

43 
54 

40 

400 

0.04 

320 

48 

165 

127 

700 

~~ ~~~ ~- 

In Case 1, the waste also contains barium (Ba2+), which is added to the dissolver 
for radium control (Sect. 4.4.11.2). 

a 

bThe raffinate may contain other chemicals in addition to those listed since UF6 
plants normally analyze only for substances which create difficulties in the 
process. 
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Tab le  4.25. Changes i n  t h e  chemical  compos i t ion  of s o l v e n t  e x t r a c t i o n  

(Chemicals n o t  l i s t e d  a re  t h e  same as i n  Tab le  4 .24 ;  
d i s c u s s i o n  i n  S e c t s .  4 .4 .11 .6  and 4 .4 .11 .7 )  

wastes - Cases 3 and 4 

Chemicals (kg/day)  

S o l v e n t  e x t r a c t  i o n  r a f  f i n i  t e S o l v e n t  t r e a t m e n t  waste 

Cases 1 Cases 1 
D e s c r i p t i o n  and 2 Case 3 Case 4 and 2 Case 3 Case 4 

Ni t ra te  (NOS-) 
+ 

Ammonium (NHL, ) 

Yellow cake 
SX a d d i t i v e  

Sodium 

Yellow cake 
SX a d d i t i v e  

Magnesium 

Yellow cake 
SX a d d i t i v e  

Pot  ass ium 

Yellow cake 
SX a d d i t i v e  

Calcium 

Yellow cake 
SX a d d i t i v e  

13 ,100  

f e e d  1 ,070  
6 

f eed  

f e e d  

feed 

800 
88 

43 
54 

63  
- 

10, 620a 

350a 
6 

800 
88 

- 
- 

43 
54 

6 3  
- 

12,800 320 320 320 

b 1,550 
6 48 

70b 
- i 6 5  

4 jd 
e 

63  
28e 

48 48 

165 C 

- 96' 

a60% of t h e  ye l low cake  f e e d  c a l c i n e d  a t  370 t o  400°C t o  v o l a t i l i z e  ammonia. 

b R e s t r i c t  sodium i o n s  i n  UFg p l a n t  f e e d  t o  0.2% avg. 

'Replace NaOH used t o  p r e c i p i t a t e  uranium i n  s o l v e n t  t r e a t m e n t  w i t h  Mg(0H)Z. 

d R e s t r i c t  po ta s s ium t o  t h e  ave rage  p r e s e n t l y  i n  t h e  f e e d .  

eRep lace  KOH s c r u b b e r  on t h e  m i s c e l l a n e o u s  d i s s o l v e r  w i t h  a Ca(OH)2 s c r u b b e r .  
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Table 4.26. Radioactive materials in the solvent extractior waste streams 
a for the model 10,000-metric ton/yr SX-F UFg plant 

(Codes show on Fig. 4.2) 

Solvent Solvent 
extraction treatment 

Description raf finate waste 

Code 2R 2T 

Volume, elday 7.57E+4 4.54E+4 

Uranium 

91 

kg/day 

Radioactive materials, Ci/yr 

b 
'na t 

234Th 

2 34mpa 

230Th 

226Ra 

O.lOE+O 

7.57E+O 

7.57E-1 9.10E-2 

1.67E+3' ' e 

1.67E+3' ' e 
f 2.8~+1 (i .4 ZE+Z ) g e 

Z.OE+Of (1.57E+1)g e 

a Radioactive materials are not estimated for the surplus weak acid (Stream ZS), 
but are small relative to the raffinate. 

curie of natural uranium is defined as the sum of 3.7 x 10" dis/sec from 
2 3 8 U ,  3.7 x 10'' dis/sec from 234U3 and 9 x lo8 dis/sec from 235U; it is also 
equivalent to 3000 kg of natural uranium. 

'As generated, before decay of 234Th and 234mPa. 

dAssumes half of the 234Th (and associated 234mPa) crosses with the uranium during 
solvent extraction and is allowed to decay before the fluorination ash is 
recycled. 

eSmall relative to raffinate. 

f"low-impurit " feed option; i.e., plant feed contains 2800 pCi of 230Th and 
200 pCi of 2r6Ra per g of Unat. 

gttHigh-impurity" feed option; i.e. , plant feed contains 14,200 pCi of 230Th 
and 1600 pCi of 226Ra per g of  Unat. 



Table  4 . 2 7 .  Chemical c o n p o s i t i o n  of  s o l i d  w a s t c s  pcncrnted i n  t r c n t i n g  l i q u i d  s o l v ~ n t  e x t r a c t i o n  
w a s t e s  from t h c  model In.nnn-r; ,erric c n n / y r  SX-F U F ~ ,  p ~ ; l n t " * b  

( D i s c u s s i o n  in  Sect. 4.4.lij 

casc 3 _ _ _ _ . ~  c. . _ _.__________.~I..___ 
-_ ______ d S C  qh Case 1 casc 2 

nadwnstc  . _______ %ef wasic.  g e n e r a t e d  Radwns nadwas i e  K:idw:is Lvc l:llcmw;ls t C. ____ --___ 
l'hcrmnl 

d c n i  t r n i  ion Lime p r e c i p i t a t i o n .  Nas te trca tmcn t Lime p r c c  i p i  t a t  i o n ,  Amman i n  E1;qnenia I. i mc. 
tlaCO) trenimcnt 

R K O ?  (and ammoni:, d r i c d  n t  d r i c d  a t  ' d R O " C  
RaCOq t r e a t m e n t  p r c c i p i t a t  ion p r c r i p i  t a t  i o n ,  p r c r i p i t ; i t i o n c  s n l  t b i c r d .  

t r e s t m c n t  rcmrrvnl) 'L x n o c  

n.n 
661) 

4ooi 

116 

240 

n 

1420 

R . 5  

hhO 

50'' 

l Y l 1 f  

4nn.i 

5 h  

21.0 

I 
470 

225 

15'' __ 
232flf 

0 . 1  C l l .  I n.n 

1760' 

50 

hn 

7 0  

'There may b e  othcr c i iemica ls  i n  s o l v e n t  e x t r a c t i o n  wastes in  a d d i t i o n  to t h o s e  l i s t e d .  

b ~ n  case 4 ,  a l l  c h e m i c a l s  i n  the w a s t e  are e i t h e r  recovered  o r  c o n v e r t e d  t o  s o l i d  w a s t e s .  

'So l id  w a s t e  as g e n e r a r e d ;  i n c l u d e s  w a t e r  o f  c r y s t a l l i z a t i o n  but  n o t  s o r b e d  w a t e r .  

dDoes n o t  i n c l u d c  i m p u r i t i e s  i n  t h e  l i m e  

'Dnes n a t  inc:ude w 3 s t e  Crom s o l v e n t  t r e a t m e n t ,  s t r e a m  2s. 
f13aCOj t r e a t m e n t  f o r  9 9 %  radium removal .  

gBaCOq t r e a t m e n t  f o r  99.RX radium removal ;  used w i t h  f e e d  c o n r u i n i n g  a "h igh"  l e v e l  o f  226Ra 

I n  t h e  o t h e r  case s t u d i e s ,  soluble s a l t s  a r e  l e f t  i n  t h e  l i q u i d  waste. 

i m p u r i t y  (1600 p C i l g  o f  Unntj .  

" i m p u r i t y  i n  NgO which is r c c o v c r e d  2nd  r e c y c l c d .  

' P r e s e n t  a s  C ~ S O I ,  n f t c r  d r y i n g  a t  280°C.  

JRnscd o n  1959 d a t a  nnd may h e  Iiigli. 

k I n c l u d e s  1 8  k g l d a y  i m p u r i t y  i n  t h e  l i m e  which i s  r e c o v e r e d .  
nnd  r c r y r l e d ;  used  t o  promote c o a g u l a t i o n  d u r i n g  h i o f e e d  
p r e p a r a t i o n .  

'10% e x c e s s  c l remica l  added d u r i n g  l i q u i d  w a s t e  LreatmenC. 

m l m p u r i t y  i n  t h e  l i m e  which i s  r e c o v e r e d  and r e c y c l e d .  

"Sorbed salts nnt i n c l u d e d .  

'Washed on  c e n t r i f u g e .  
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Table 4.28. Case 1 liquid waste treatment flows f o r  the model 

(Codes shown on Fig. 4.14; discussion in Sects. 4.4.11.4 and 4.4.12) 
10,000-metric ton/yr SX-F UFg plant 

Vol.ume Chemicals 
Code Description (x lo4 Illday) (metric tons/day) 

a 1 BaC03 (radium removal) 
2R Raffinate wasteb 7.57 

2 A12 (SO4) 3 (radium removal) 
3 Ca(OH)2 slurry t o  radwaste precipitation 0.76 
4 Radwaste sludgesC 0.44 

d. 
b 5 Lime-treated raffinate 

2s Surplus weak acid waste 

6 
2T 
4L 
7L 
8 K  
7 
8 
9 

Ca(OH)2 slurry to weak acid neutralization 
Solvent treatment wasted 
Hydrofluorination scrubber li uor 

d Fluorination scrubber liquord 
Lime-treated surplus weak acid 
CaF2 chemwaste sludges (stored) 
Liquid released 

d 
Fluorine cell scrubber liquor 1 

d 

8.33 
4.28 

0.06 
4.54 
1.64 
5.45 
1;89 
4.36 
0.18 
26.6 

0.160 
17.2 

0.017 
6.1 
4.0 

18.2 
0.7 

0.5 
0.7 
0.2 
0.2 
1.9 
1.0 
1.7 
20.1 

a 99% radium removal, f o r  plant feed containing "low" levels of 226Ra (200 pCi/g Unat). 

bComposition i n  Tables 4.24 and 4.26. 

Composition in Tables 4.27 and 4.11. C 

dComposition in Table 4.29. 
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Table 4.29. Compositinn of Case 1 liquid waste treatment screams 

(Codes shown on F i g .  4.14; discussion in Sects. 4.4.11.4 and 4.4.12) 
for the model 10,000-metric tonlyr SX-F UF6 plant 

Combined 
created treatment treated fluorination Fluorination cell chemvaste liqufd 
raffinate waste surplus scrubber scrubber scrubber precipitate effluent 

Fluorine CaFz Lime- Solvent Lime- Hydro- 

weak liquor liquor liquor 
acid 

Code 

Volume (x IO* Lldep) 

Chemicals. metric tonsldsy 

H+ 

NO, 

caZ+ 

N H ~ +  
N.9+ 
K+ 

sok2- 

OH- 

F 

?a(OH)2 (insdluble) 

CaF2 (insoluble) 

Radioactive materials, Cilyr 

UnacC 
jibTh 
23smp, 

"OTh 

5 2T 

8.33 4.54 

0.36 0.03 

13.10 0.32 
2.57 

1.08 0 . 0 4  

o.89 0.17 

0.10 

<0.01 

O.lZh 0.12 

2.38E-2 9.1E-2 
2.97E-Id 4.6E-Ze 
2.97E-Id 4.hE-2' 

2.80E-Zh 1 

(1.42E-I)J i 

z . ~ o E - ~ ~  i 
(3.12E-3)' 1 

7 41 

4.36 1.64 

0.008 

n. 70 

0.23 

0.15 

0.04 

3.3E-5 

1. 7E-Se 
1.7E-5e 

1.4E-7h 

(7. 1E-7Ii 

1.OE-IOh 
(7.8E-IO)' 

8K 

1.89 

0.10 

1.11 
0.50 

5.6E-2 

9. 4E-4e 
9:4€-4e 

7.9E-bh 
(1.6E-l)J 

5.7E-9h 
(4.4E-8jJ 

7L 

5.45 

0.010 

0.18 

8 

0.177' 

0.04 
1.66 

9. ]E-2 

9.1E-2f 
9.3E-Zf 
7.OE-5" 

(3.6E-4)' 

4.5E-6h 
(7.0~4)' 

9 

26.6 

0.211 

1 4 . 1 2  

1.96 
1.12 
1.04 

1.41 

0.03 
0.21b 

8.OE-2 

2 .  3E-lg 
2.?E-P 
2.8E-Zh 
(1.4E-l)J 
2.0E-3h 
(3.1E-3)' 

aASsUmeS solids settle to 0.96 kgIL (60 lblft3). 

bSolubility of CnSOb.2H20 i n  water below 42.C 1s 2.1 g CnSO,.lC (W. F. L i n k e .  Solubilities, Vol 1. 4 t h  ed.. p. 606, Van Nostmnd. 
Prlnceron. N. J.. 1958). 

'One curie of nncural uranium is defined as the sum of 3.7 x 10" dislsec from 2 3 8 U .  3.7 x 1Olo dislsec from 23sU, and 9 x 10' dislsec 

d60-day retet;tioh i n  the radwnste settling basin 

'AS generated; no decay. 

fStored 6 months so that 23'Th and 23hmPa are In secular  equilibrium w i t h  "'U 

'14-day detention in the CnF2 settling basin 

h"Lov-ImPurity" feed option; 1.e.. plant feed contains 2800 pci of 230Th and 200 pci of 226Ra per g of u 

iNegligible compared with Stream 5. 

from 2 3 5 U :  it is also equivalent to 3000 kg of natural uranium. 

"at' 

f",iig],-impuriry" feed oprion; 1 . e . .  plant feid contains 14,200 Pci of 230Th and l6O0 pci Of 226Ra per Of '"at' 
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Table 4.30. Composition of SX Case 2 nitrate waste solution 
impounded in lagoons for the model 10,000 metric-ton/yr SX-F UF6 plant 

Chemicals 
- 

N O 3  

NH4 
+ 

' +  Na 

~~ ~ _ _  ~~ 

Quantity 
(metric tons/day) 

14.12 

3.63a 

1.04 

Concentration (uci/ml) Quantity 
Radioactive materials (Ci/yr) Midwestern site New Mexico site' 

4.92E-2 4.OE-6 

2 3 4 ~ h ~  4.92E-2 4.OE-6 

2 34mpae 4.92E-2 4.OE-6 

d 
'nat 

f f 230Th 2.8OE-2 (1.42E-l)g 2.3E-3 

6.OE-3 

6.OE-3 

6.OE-3 

1.2E-2)' 3.4E-3f 1.7E-2)g 
2 2 6 ~ ~ h  2.0 E-1. f (1.57E00)g 1.6E-2 f (1.3E-1)' 2.4E-2f (1.9E-1)g 

Present as ammonium salts; does not include any djssolved N H 3 .  a 

bAssumes wastes concentrated to 400 g of soluble salts per liter (30% of original 
volume) and no additional precipitation of radioactive materials as wastes be- 
come more concentrated. 

Assumes wastes concentrated to 600 g of soluble salts per liter (20% of original 
volume) and no additional precipitation of radioactive materials as wastes become 
more concentrated. 

C 

curie of natural uranium is defined as the sum of 3.7 x lo1' dis/sec from 2 3 8 U ,  
3.7 x 1O1O dislsec from 234Uy and 9 x lo8 disfsec from 2 3 5 U ;  it is a lso  equivalent 
to 3000 kg of natural uranium. 

Stored 6 months so that 234Th and 234mPa are in secular equilibrium with 238U. e 

f"Low-impurity" feed option; i.e., plant feed contains 2800 pCi of 230Th and 200 pCi 

g"High-impurit 'I feed option; i.e., plant feed contains 14 ,200  pCi of 230Th and 

of 226Ra per g of Unat. 

1600 pCi of 296Ra per g of Unat. 

%lay also contain 226Ra daughters through 214P0, depending on how much 222Rn 
gas escapes. 
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Table 4.31. Case 3 flows for radwaste precipitation and biofeed 
preparation, model 10,000-metric ton/yr SX-F UFg plant 
(Codes shown on Fig. 4.17; discussion in Sect. 4.4.11.6) 

Flows 
Air Liquid Chemicals 

Code Description (sm3/min) (x 10" Illday) (metric tons/daL 

1 

2 

2c 
3 
2R 
4 
5 

6 
7 
8 
9 
10A 

11 
12 
2s 
2T 

Yellow czke direct to HN03 

Yellow cake to feed calciner, 

Airborne NH3 release 
BaC03 (radium removal) 
Raffinate waste 
Alp (SO41 3 (radium removal) 
Ca(OH)2 slurry to radwaste 
precipitation 

Wash water 
Radwaste solids 
Slurry water 
Dried radwaste solids 
Off-gas from drying and 

Drums 
Lime-treated raffinate 
Surplus weak acid waste 
Solvent treatment waste 

dissolver, as U 

as U 

packaging 

13 + 51 Recycle water. 
14 
15 

16 
17 

18 

19 

20 
21 

22 
23 

24 
25 
26 

53 

NaHC03 
Combined feed to preaeration 
CaC03 solids recycle to 
promote flocculation 

FeC13 (coagulant) 
Air to preaeration of 

Cop release from biofeed 

Ca(OH)2 slurry to adjust 

Air to flocculate biofeed 
Clarifier underflow 
(CaC03 sludge) 

Centrifuge feed 
CaC03 centrifuge cake 
(to lime recovery, 

biofeed 

preparation 

pH of biofeed 

Fig. 4.19) 
Centra te 
Clarifier overflow 
Feed to bioreactors 

Incinerator scrub liquor 
(Fig. 4.18) 

(from Fig. 4.19) 

1 7 7  

7.6 

0.8 
0.6 

3.9 

530 

8.8 
4.3 
4.5 

158 
176 

0.1 

11.0 

1.3 

0.1 
7.6 

12.3 
11.3 

0.2 
11.1 
165 

177 

0.4 

13.3 

20.0 
0.68 
0.160 

0.017 
17.4 

5.5a 

4.0 

3.9 

(19.3 drums) 
14.6 
0.7 
0.7 

37.3 
53.1 

0.6 
0.026 

2.5 

0.5Za 

7.4 
6.8 

6.8 
2.9 
40.0 

42.9 

0.36 

aDoes not include CaC03 impurity in recycle lime. 
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Table 4.32. Nutrient amendments for 
Case 3 biological nitrification/denitrification a,b 

Quantity 
Nutrient (dday) 

KH2p04 77,000 

MgS04.7H20 356,000 

H3B03 4.4 

ZnS04.7H20 1.8 

C~S04~5H20 2.0 

FeS04.7H20 

KI 

1.1 

44.2 

Fe-DTPA chelate 880 

a C. W. Frances and J. B. Mankin, Water Res. - 11, 
290 (1977). 

bC. W. Hancher, P. A. Taylor, and J. M. Napier, 
"Operation of a Fluidized-Bed Bioreactor for Denitrification," 
presented at Symposium on Biotechnology in Energy Production 
and Conservation, Gatlinburg, Tenn., May 10-12, 1978. 

Some of these nutrients may be naturally present in the feed. C 
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, 17.2 
177 

11.5 

Table 4.33. Case 3 flows for biological n i t r i f i c a t i o d d e n i t r i f i c a t i o n ,  
model 10,000-metric ton/yr SX-F UFg plant 

(Codes shown on Fig. 4.18; discussion in Sect. 4.4.11.6) 

Flows 

Gases Liquid or biomass 
Chemicals 

Code Description (sm3/min) (x l o 4  t/day) (metric tons /day) 

26 Feed t o  bioreactors (from biofeed 
preparation, Fig. 4.17) 

NH,+-N 
- NO3 -N 

HCO 3 
Na + K 

- 
+ +  

0.31 
2.63 
19.3 
11.5 

Organic oxygen demand 0.11 
27 Trace nutrients 
28 Biomass recycle to nitrification 31 
30 Air to nitrification 65 
31 CO2 release from nitrification 0.6 
33 Clarifier underflow 31.2 
34 Waste nitrification biomass to 

incinerator (Fig. 4.19) 0.3 
35 Feed t o  nitrification 

p.44 
6.17 

1.58 
6.24 

0.060 

36 
37 
38 

40 
41 
42 
43 

39 

44 
13 
45 

46 

- 
HCO 3 
Na + K + +  

Biomass recycle to denitrification 
Methanol to denitrification 
N2 release from denitration 1.5 
Air to stabilization bioreactor 4.2 
COP release from stabilization 

Clarifier underflow 
Waste denitrification biomass 

t o  incinerator (Fig. 4.19) 
Clarifier overflow 
Recycle to biofeed preparation 
Waste biomass from sand filter 
to incinerator (Fig. 4.19) 

Purified wastewater released 
to a surface stream 
(NaHCOJ + KHC03) 

Air to physical conditioning 0.1 
0.05 

30 6.0 

7 
170 
152 

1.4 
41 
37 

0.02 

17.6 4.1 
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Table 4.34. Case 3 flows for lime recovery and biomass incineration, 

(codes shown on Fig. 4.19; discussion in Sect. 4.4.11.6) 
model 10,000-metric tonfyr SX-F UFg plant 

FiowS 
Chemicals 

Lioyid or biomass 
Code Description . (x 10 Illday) (metric tonsfday) 

23 CaC03 centrifuge cake to 
incinerator 

CaCO 3 

H20 

43 + 34 Waste biomass sludge 
+ 45 
47 Ca(OH)2 slurry 
48 FeC13 
49 Filter feed 
50 Biomass filter cake to incinerator 

Soiids 

H20 
51 Filtrate recycled to biofeed 

preparation, Fig. 4.17 

7.1 

0 .‘4 
0.5 
7.2 

6.5 

6.79 
2.43 

1.45a 

b 0.29 
0.072 
1.88 

1.88‘ 
6.88 

a 

52 Recovered lime 
Ca (OH) 2 4.82 
CaCO 3 0.34 
Fe203 0.,05 

53 Incinerator off-gas scrub 
liquor (CaC03 slurry) 0.4 0.36 

~ ~~ 

agiomass only; does not include NsHC03. 

bDoes not include CaC03 in recycle lime. 

‘Includes 410 kg of CaC03. 
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Table 4.35. Case 4 flows for radwaste precipitation and cementing, ammonia 
recovery, and chemwaste precipitation for model 10,000-metric ton/yr SX-F UFg plant 

(Codes shown on Fig. 4.21; discussion in Sect. 4.4.11.7) 

~ ---- 
Flows 

~ 

Liquid Chemicals 
Code Description (x104 &/day) (metric tons/day) 

1 

2 

2R 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

7.6 

Low-sodium yellow cake (from uranium mills) 13.3 

BaC03 (radium removal) 0.160 

Raffinate waste 16.7a 

A12(S04)3 (radium removal) 0.017 

Mg(0H)Z slurry to radwaste precipitation 

Wash water (1.5 l/kg of solids) 

Radwaste solids 2.3' 

Water 

Cement 7.0 

Drums 

Cemented radwaste to burial ground 

Feed to ammonia remover and chemwaste 8.6 17. 7b 
precipitation 

Ca(OH)z slurry (precipitate chemwaste) 0.6 0.89 

Mg(OH)z slurry to M i 3  removal 0.2 1.41 

Off-gas from NH3 4.7 1.5 

Recovered 28 wt % aqueous NH3 to industry 0.58 1.5 

Recovered water, recycled to process 4.1 

Wash water (2.0 kg/kg of solids) 0.5 

CaS04.2H20 chemwaste to on-site impoundment 

Mg(N03)~ solution to nitric acid recovery 5.1 15. gb 

b 5.1 

(51.5 drums) 

15. gdYe 

b 

2.6C'e 

0.8 

0.3 

0.1 

0.5 

a 

bDoes not include impurities in recycle 

Composition in Tables 4.24-4.26. dIncludes water but not weight of drums. 

e Radioactive materials in Table 4.11. 
magnesia. 

Chemical composition in Table 4.27. C 
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Table 4.36. Case 4 flows for solvent treatment system with 
ammonia and water recycle, model 10,000-metric ton/yr SX-F UFg plant 

(Codes shown on Fig. 4.22; discussion in Sect. 4.4.11.7) 

Flows 
Chemicals (kg/day) 

NH3-N 
Liquid or 

Code Description (~10'' a/day) U NO?- NH4+-N Mg2+ OH- 

20 Stripped organic from 26.9 700 365 - - - - 
solvent extraction 

- - 42 143 - 21 (NHf+)zs04 wash 1.34 - 

22 Mg(OH)2 slurry to solvent 
- - wash 1.34 1.5 - 215 300 

- - 23 Scrub water 2.45 1.7 - 

24 Recovered uranium 0.59 700 41 5.2 ' 16 119 99 

- - 

25a Solvent treatment waste 4.54 0.9 324 40 127 96 0.2 

26 Mg(0H)z slurry to NH3 
removal 

- - 0.01 < 0.1 - 32 45 

27 Concentrated Mg(N0312- 0.45 0.9 324 < 0.1 127 128 45 
MgS04 solution to HNO3 
recovery 

- - 37 - 28 NH3 and water recycle to 1.14 - - 
(NHI,)ZSO~ wash 

- - 29 Makeup (m4)2so~+ < 0.01 5.2 18 - - 

- - 30 Makeup H2SO4 0.20 - 125 - - 

- - 31 Water recycle 2.95 3.2 - - - 

aReferred to elsewhere in report as Stream 2T. 



- 
Table  4.37. Case 4 f lows f o r  ooncen t r a t ing  t h e  n i t r a t e  i n  s u r p l u s  

weak a c i d s  f o r  model 10,000-metr ic  t o n / y r  SX-F UFg p l a n t  

(Codes shotm on Pig .  4.22; d i s c u s s i o n  i n  Sec t .  .4.4.11.7) 

Flows 

L i  u'id Ch m i  ca Is 
Code Desc r ip t ion  (~10 '  Rlday) (kg / day 1 

2 R  Surp lus  weak a c i d  ftom p r o c e s s  4 .3  710 

32 Weak a c i d s  from waste  t r ea tmen t  1 .6  580 

33 Mg(0H)z .s lurxy t o .  n e u t r a l i z e  weak a c i d s  .O. 04 600a 

34 T o t a l  f low t o  evapora tor  5.9 1520a 

b 35 Water vapor released t o  atmosphere 5.. 1 

36 Concentrated Mg(N03)2 s o l u t i o n  t o  HN03 
recovery  0 .8  1.520a 

a Does. n o t  i n c l u d e  i m p u r i t i e s  i n  recyc le . ,magnes ia .  

I 

I 

bCa lcu la t ed  as l i q u i d  water .. 
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Table 4.38. Case 4 feed to nitric acid recovery system, 
model 10,000-metric tonlyr SX-F UFg plant 

(Codes shown on Fig. 4.21-4.24; discussion in Sect. 4.4.11.7 

Treated a Treated Treated Combined waste 
raffinate solvent weak t o  nitric acid 

treatment acid recovery a was :ea waste 

Code 

Volume, xi04 e l d a y  

Chemicals, kglday 

Mg (NO 3 ) 2 

NaN03 

KNO 3 

Cas04 

%SO4 

19 27 

5.13 0.45 

15,040 

246 

111 

110 

- 

20 
2 

- 

2 

Totals 15,500 630 

36 a b ,c 

0.76 6.35 6.35 

16,950 16,950 

246 740 

111 330 

110 120 

159 210 

20 28 
.2 2 

80 80 

2 2 

17,700 18,400 

~- 

aPure magnesia used to neutralize. 

bRecycle magnesia calcine with 

‘Assumes that one-third of the 
recycle. 

impurities used to neutralize. 

calcine is treated for Na and K removal before 
+ + 
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Table 4.39. Case 4 flows for recovering nitric acid from solvent 
extraction wastes and from NO, tail gases from UO2(NO3)2 denitration 

for model 10,000-metric ton/yr SX-F UF6 plant 
(Codes shown on Fig. 4.24; discussion in Sect. 4.4.11.7) 

Flows 
Liquid Chemicals 

Code Description (x10" 9./day-) (metric tons/day) 

19,27,36 

37 

38 
39 
40 

41 
42 
43 
44 

45 
46 
47 
48 
50 

51 

52 
53 

49, 54 

Combined feed to nitric acid recovery 

Condensate from boildown, recycled to 
(from Figs. 4.21-4.23) 

process or to waste treatment of weak 
acids 

Calciner feed 
Calcine to MgO kecovery (Fig. 4.25) 
Nitric acid recovered by off-gas scrubber 

NO from waste denitration 
NO from U02(N03)2 denitration 
Water (dilute acid) to NO, absorber 
45 wt % HNO3 recovered by NOx absorber, 
recycled to digestion 

NO, release to atmosphere 
HC1 bleed from NO, absorber 
Feed to first chloride removal 
Ozone to first sparge tank 
45 wt % HNO3 recovered by rectifier, 
recycled t o  digestion 

Rectifier overheads, 5 200 mg HN03/11, 
released to a surface stream 

Bleed to second chloride removal 
Ozone to second sparge tank 

on waste calciner 

X 

X 

C12 release 
Ozone release 
HNO3 release I 

6.4 18.4 

4.4 a 

b 2.0 32.3 
- 6.1 

1.60 4.4c 

d - 7.0 
- 4.7d9e 

2.5 
2.36 13.6' 

0.9 
2.5 

1.03 

0. 58d *e 
1.5 
5.9 
0.043f 
5.9 

1.5 < 0.003 

3.3 c5 
0.014' 
0.023 
0.014 
0. 004d 

- 
\ 

aNitrate loss in evaporator overheads and vacuum pump seal leakage together 

bIncludes 3.3 moles of H20 per mole of  NO^-, or 13.9 metric tons of  water. 

'Engineering estimate. dCalculated as N02. 

e 

arbitrarily estimated as 510 kg/day. 

Includes the NO 
vapor from UO2(EfO3)2 which is condensed and recycled as in Cases 1-3. 

from UO2(NO3)2 denitration, but not the 10.6 MT of HNO3 

fl wt % ozone in air; gas sparge, 2.5 m3/min (88 cfm). 

gl wt % ozone in air; gas sparge, 0.8 m3/min (27 cfrn). 
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Table 4.40. Case 4 flows for magnesia recovery s stem 
for model 10,000-metric ton/yr SX-F UFg plant 

(Codes shown on Fig. 4.25; discussion in Sect. 4.4.11.7) 

3 

Flows 
Li uid Chemicals 1 Code Description (X 10 &/day) (metric tonslday) 

39 

55 

56 

57 

58 

59 

60 

61 

62 

63 

MgO calcine (from Fig. 4.24) 

Water to slaking 1.22 

Recovered Mg(OH)2 slurry, recycled 
directly to waste treatment 0.67 

+ 
Mg(OH)2 slurry plus impurities, to Na 
and K+ removal 0.34 

0.21 + + Water to leaching (Na and K removal) 

Wash water 0.34 

Purified Mg(OH)2, reslurried and recycled 
to waste treatment 0 .  12c 

Condensate from chemwaste dryer, recycled 
to slaking 0.77 

Drums 

Solid chemwaste (soluble salts), to 
dry storage 

6.1 

b 4.5 

2.7 

2.3 

(0.45 drum) 

d 0.44 

a Assumes that two-thirds of  the calcine is recycled directly and one-third is 
water-leached to remove soluble salts. 

bDoes not include impurities in the recycle magnesia, which are estimated 
at 0.9 metric ton per day. 

Sorbed on Mg(OH)2 centrifuge cake. C 

dChemical composition in Table 4.27; radioactive materials in Table 4.11. 



Table 4.41. Chemical treatment of liquid fluoride wastes - Cases 2-4, 
model 10,000-metric ton/yr SX-F UFs plant 

(Codes shown on Figs. 4.3, 4.9-4.13, 4.27, and 4.28; chemical and radionuclide 
composition of liquid effluent in Tables 4.9 and 4.10; radionuclide composition 

of solid chemwaste in Table 4.11; discussion in Sect. 4.4.12.) 

Destination 
of liquid 

U (kg/day)b CaF? CaCO7 Ca(OH)?‘ Ud Total treatment 

Feed to fluoride treatment system Solid chemwaste generated (kg/day) 
Chemicals (kg/day) a CaO effluent Volume 

treated from fluoride usage 
Code ( X  lo4 elday) F- CO7’- K+ 

Cases 2 and 3. 

Water fluoride scrubbers 

4L Hydrofluorination 
7L Fluorine cells 

Subtotal 

4K 
7K 
8K 

Case 4 

7L 

4K 
7K 
8K 

KOH fluoride scrubbers 

HydrOfluoKinatiOn 
Fluorine cells 
Fluorination 

Subtotal 

Water fluoride scrubbers 
Fluorine cells 

KOH fluoride scrubbers 
HydKOfluOKinatiOn 
Fluorine cells 
Fluorination 

Subtotal 

1.64 
5.45 
7.09 
__ 

0.06 
0.09 
1.89 

2.04 
- 

5.45 

0.06 
0.01 

0.55 
0.62 
- 

144 
,172 
316 
- 

16 
19 
500 

535 
- 

76 

16 
8 

149 

173 
- 

- 
- 
- 

32 
65 

1310 
14 10 
- 

- 

90 
37 
114 
241 
- 

<o. 01 
.- 

co.01 

<o. 01 
- 
0.57 
0.57 
- 

co.01 
- 
0.17 
.0.17 
- 

~0.01 324 28 
33 
61 

296 - 
353 - 
649 - 

233 
279 

512 

- -  - 386 - - - 
<0.01 710 Released 

~0.01 36 26 33 - 3 
38 39 12 5 - 56 

0.57 1210 - _ _  103 - 1030 77 - -  859 
923 1100. 89 111 0.57 1300 Recycled 
- 

123 157 - 15 - 172 Released 

26 32 - 3 co.01 35 
- 33 21 
0.17 337 243 

290 357 13 35 0.17 405 Recycled 

3 
29 

18 12 
307 1 - -  - - -  - 

aHydronium (H,O+, acid) for water scrubber liquors and hydroxide (OH- base) for KOA scrub liquors not shown. 

bhcludes 10% excess. 

‘With time, excess Ca(OH12 will tend to react with C02 in the environment to form CaC03. 

dMaaximizing assumptions: 100% of the uranium in solution precipitates; 10% remains in solution 
(i.e., sum does not balance - purpose is to avoid underestimating either waste). 



Table 4.42. Radon release from active radwaste impoundments,a model 10.000-metric ton/yr SX-F UF6 plant 
(Values in parentheses are presented for comparative purposes and are not a case study.) 

222Rn diffusion Erom 
wet sludge (Ci/yr) 

Total 222Rn release from 
radwas t e impoundment (Ci/yr ; 226Ra inventory in '*'Rn generated in 

Case 2 _- . liquid waste (Ci) liquid waste. (Ci/yr) stirred pond model) 
Midwest New Hexico 

Option Case 1 9 1  P P  4 7  t P  Case 1 Case 2 Case 1 Case 2 Case 2. 
1.33 10'' ,2 2.88 x lo4 m2 1.09 x lo4 m2 lwyr 15-yr 1-yr 15-yr Case 1 Plidwest New Mexico 
(3.28 acres) (7.12 acres) (2.70 acres) accumulation accumulation accumulation accumulation. site site 
of sludge of sludge of sludge 

Without BaCOj treatment 
"Low"-inpuri ty feed n . a .  107' 41' b n.a. 235 n . a .  306 .3 . 0 - n . a .  19 8 

n . a .  840e 320e n . a .  23.6 n . a .  1560 n.a. 2400 1880 d "iiigh"- impuri ty f eed 

With BaCOj treatment 
b "Low"-impurity feed, 

99% radium removal 2Of (108)' (41)' 0.002 (0.030) 0.1 (2.0) 20 (110) (43) 
d "High."-impurity feed, 

99.8% radium removal 143h (560) (210)i 0.003 (0.047) 0.2 (3.1) 143 (560) (210) 

a I n  addition, there will be a long-term 2?2Rn emanation irom the repository where the wastes are buried. 

bPlant feed contains 200 pCi of 226Ra per g of Unat. 

CAmmonia-precipitated solids, Jo = 3.76 E-: Ci of 22?Rn/m2'yr. 

dPlant feed contains 1600 pCi of 226Ra per g of Unat. 

eAmmonia-precipitated solids, J 

fLime-precipitated solids, Jo = 1.94 E-3 Ci of 222Rn/m2.yr. ' 

gAmmonia-precipitated solids, Jo = 3.69 E-3 Ci of 222Rn/m2*yr. 

hLime-precipitated solids, Jo = 1.08 E-2 Ci of 222Rn/m2'yr. 
i 

= 2.94 E--2 C i  of 222Rn/m2.yr. 

r\mmonia-precipitaced solids, Jo = 1.96 E-2 Ci of 222Rn/m2.yr. 

n.a. = not applicable. 

I 
N 
m cn 
I 



-266-  

Tab le  6.1.  Es t ima ted  c a p i t a l  and a n n u a l  c o s t s  and c o n t r i b u t i o n  t o  
power c o s t  of waste t r e a t m e n t  f o r  model 10,000-metr ic  t o n / y r  SX-F UFg p l a n t  

c o s t  ($1000) C o n t r i b u t i o n  
C a p i t a l  Annual Annual T o t a l  t o  power 

Waste t r e a t m e n t  c o s t a  f i x e d  o p e r a t i n g  a n n u a l  c o s t b  
c h a r g e  c o s t  c o s t  ( m i  1 1 s / kklh r ) 

Case 1 

Base case 

Case 2 

Dust c o n t r o l  
P r o c e s s  o f f -gas  
B u i l d i n g  v e n t i l a t i o n  
L iqu id  and s o l i d  w a s t e  

Tota.1. 

Case 3 

Dust c o n t r o l  
P r o c e s s  o f f -gas  
B u i l d i n g  v e n t i l a t i o n  
L iqu id  and s o l i d  waste 

T o t a l  

Case 4 

Dust c o n t r o l  
P r o c e s s  o f f - g a s  
B u i l d i n g  v e n t i l a t i o n  
L iqu id  and s o l i d  waste 

T o t a l  

627 
157 - 

E d ’ e  

2253 

1062 
190 
598: 

4763 

6613 

845 , 

525 
3202: 
3326 

7898 
- 

1 6 3  
4 1  

383 

587 

- 
- 

276 
49 

155 
1239 

1719 

220 
136 
832 
861  

2049 
- 

35 
16‘ 
- 
>f 
125 

60 

57h 

1gC 

761 

89 7 
- 

55 
53 

165 
Ei 

1314 

198  
57 

457 

712 0.0013 

- 
- 

336 
68 

212 
2000 

2616 0.0048 
- 

274 
190 
997 

1902 

3363 0.0062 
~ 

a I n c l u d e s  d i r e c t  c o s t  ( i n s t a l l e d  equipment b u t  n o t  s t r u c t u r e  c o s t )  and i n d i r e c t  c o s t .  
The i n t e r e s t  d u r i n g  c o n s t r u c t i o n  is i n c l u d e d  as a n  i n d i r e c t  c o s t .  

bThe c o n t r i b u t i o n  t o  power c o s t  i s  c a l c u l a t e d  on t h e  b a s i s  of a 10,000-metr ic  t o n / y r  
UFg c o n v e r s i o n  p l a n t  s e r v i c i n g  a n u c l e a r  economy of abou t  seventy-seven 1000-MW(e) 
LWRs ( i r r a d i a t i o n  l e v e l ,  33,000 HWd/metric t on ;  l o a d  f a c t o r ,  80%; the rma l  e f f i c i e n c y  
32.5%).  The c o s t s  i n c l u d e  t h e  d i r e c t  c h a r g e s  b u t  do n o t  i n c l u d e  t h e  e f f e c t  of 
c a r r y i n g  c h a r g e s  on f u e l  working  c a p i t a l .  

‘ Includes o p e r a t i n g  c o s t  c r e d i t  of $1400 f o r  d i f f e r e n t  v e n t u r i  s c r u b b e r s .  

d I n c l u d e s  c a p i t a l  c o s t  c r e d i t  of $336,000 f o r  r ep lacemen t  of Case 1 radwas te  

e 
impoundment. 

I n c l u d e s  c a p i t a l  c o s t  c r e d i t  of $55,600 f o r  replacement  of Case 1 B a C 0 3  t r e a t m e n t  
equipment .  

f I n c l u d e s  a d d i t i o n a l  o p e r a t i n g  c o s t  f o r  ammonia of $66,900; l i m e  c o s t  c r e d i t  f o r  

%nc ludes  c a p i t a l  c o s t  c r e d i t  of $360,000 f o r  Case 1 b u i l d i n g  e x h a u s t  f a n s .  

h I n c l u d e s  a d d i t i o n a l  o p e r a t i n g  c o s t s  f o r  methanol  of $262,000 and drums of 

h c l u d e s  a d d i t i o n a l  o p e r a t i n g  c o s t s  f o r  cement of $537,000, drums of $156,000, 

Case 1 of $28,500. 

$57,90O;lime c o s t  c r e d i t  f o r  Case 1 of $20,600. 

and magnesia of $26,400; l i m e  c o s t  c r e d i t  f o r  Case 1 of $37,000. 
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T a b l e  6.2.  I n s t a l l e d  c o s t s  o f  equipment  f o r  t h e  model 
10 ,000-me t r i c  t o n / y r  SX-F UF6 p l a n t  

WASTE TREATMENT CASE 2 

C o s t s  w i t h o u t  s t r u c t u r e  

a b 
($1000) 

I t e m  Direct Capi  t a1 

P u l s e - j e t  bag  f i l t e r ,  1 0 , 0 0 0  cfrn 
P u l s e - j e t  bag  f i l t e r ,  1 2 , 0 0 0  cfm 
P u l s e - j e t  b a g  f i l t e r ,  4000 cfm 
P u l s e - j e t  bag  f i l t e r ,  2000 cfm 
H 2 0  v e n t u r i  s c r u b b e r ,  c o n d e n s e r ,  and d e m i s t e r ,  

850 cfrn 

KOH packed tower ,  1 2  i n .  d iam x 1 5  f t  h i g h ,  SS 
Pump, 1 gpm, c e n t r i f u g a l  
Mixing t a n k ,  250 g a l l o n ,  CS 
KOH packed tower ,  12  i n .  d iam x 1 5  f t  h i g h ,  SS 
KOH packed tower ,  1 . 6  f t  d iam x 1 5  f t  h i g h ,  SS 

Pump, 1 gprn, c e n t r i f u g a l  
Mixing t a n k ,  250 g a l l o n ,  CS 
C e n t r i f u g e ,  7-in.  v e r t i c a l  b a s k e t  
Mixing t a n k ,  2000 g a l l o n ,  CS ( 2 )  
F i l t e r ,  r o t a r y  drum vacuum, 1 5  f t 2  

Pump, 5 gprn, c e n t r i f u g a l  ( 4 )  
Lime s t o r a g e  t a n k ,  1400 g a l l o n ,  CS 
Lime conveyor ,  screw, 6 i n .  d iam x 20 f t  
F i l t e r  c a k e  conveyor ,  screw, 6 i n .  diam x 25 f t  
S l u r r y  mix t a n k ,  2000 g a l l o n  CS ( 2 )  

S l u r r y  pump, 1 gpm, c e n t r i f u g a l  
P i p e l i n e ,  1000 f t ,  3- in .  ABS, 150  p i p e  
L i m e  s t o r a g e  t a n k ,  1400 g a l l o n ,  CS 
Lime conveyor  screw, 6 i n .  d iam x 20 f t  
Mixing t a n k ,  l e a d - l i n e d ,  500 g a l l o n  ( 2 )  

Pump, 1 5  gpm, c e n t r i f u g a l  
P i p e l i n e ,  1000 f t ,  3- in .  ABS, 1 5 0  p i p e  
Mixing t a n k ,  l e a d - l i n e d ,  500 g a l  ( 2 )  
Pump, 1 gpm, m e t e r i n g  ( 2 )  
pH c o n t r o l  equipment  

Lagoon, l i n e d ,  7 . 6  acres ( 3 )  
Pump, 300 gpm, c e n t r i f u g a l  
P i p e l i n e ,  1000 f t ,  3- in .  ABS, 150 p i p e  

d 

84.0 
95.0 
29.0 
33.0 

11 .6  

1 2 . 8  
1 .3  
4 . 3  

12 .8  
17 .0  

1.3 
4 . 3  
4 . 3  

23 .5  
1 6 . 5  

6 .0  
2.7 
7.6 
9 . 6  

23.5 

1 .3  
1 . 9  
2 .7  
7 .6  

1 8 . 9  

1 . 7  
1 . 9  

18.9 
4 .8  
8 . 0  

606.3C'd 
6.OCYe 
1 .9C 'e  

202 
228 
118 

79 

27.8 

30.7 
3 . 1  

1 0 . 3  
30.7 
40 .8  

3.1 
1 0 . 3  
1 0 . 3  
56.4 
3 9 . 3  

1 4 . 4  
6 . 5  

1 8 . 2  
23.0 
56 .4  

3.1 
4 .6  
6 . 5  

18.2 
45.4 

4 . 1  
4.6 

45 .4  
11 .5  
19.2 

1455.1' 'd 
14.5' 'e 

4.6C'e 

a 

b C a p i t a l  c o s t s  are c a l c u l a t e d  by m u l t i p l y i n g  t h e  d i r e c t  c o s t  by 2 . 4 .  

Cos t  f o r  1973. Direct c o s t  i n c l u d e s  p u r c h a s e  c o s t  and c o m p l e t e  i n s t a l l a t i o n  c o s t .  

C a p i t a l  c o s t s  
i n c l u d e  d i r e c t  and i n d i r e c t  c o s t s .  

Midwes tern  s i te .  

c o s t ,  $319,200 and $103,600 r e s p e c t i v e l y ;  c a p i t a l  c o s t ,  $766,100 and $248,800 
r e s p e c t i v e l y .  

C 

dFor  New Mexico s i te ,  two 5 . 4 - a c r e  l i n e d  l a g o o n s  and one 3 -ac re  l i n e d  l agoon ;  d i r e c t  

eNot r e q u i r e d  f o r  New Mexico s i t e .  
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T a b l e  6 . 3 .  I n s t a l l e d  c o s t s  of equipment  f o r  t h e  model 
10 ,000-me t r i c  t o n / y s  SX-F UF6 p l a n t  

WASTE TREATMENT CASE 3 

C o s t s  w i t h o u t  s t r u c t u r e  
($1000) 

b I t e m  Directa C a p i t a l  

P u l s e - j e t  bag f i l t e r ,  10 ,000  cfm 
P u l s e - j e t  bag f i l t e r ,  17 ,000  cfm 
P u l s e - j e t  bag f i l t e r ,  4000 cfm 
P u l s e - j e t  bag f i l t e r ,  2000 cfm 
P u l s e - j e t  bag f i l t e r ,  15 ,000  cfm 

P u l s e - j e t  bag f i l t e r ,  4000 cfm 
B a f f l e  o r i f i c e  s c r u b b e r ,  60 ,000  cim (6 )  
H 2 0  v e n t u r i  s c r u b b e r ,  c o n d e n s e r ,  and d e m i s t e r  

KOH packed t o w e r ,  12  i n .  d tam x 1 5  f t  h i g h ,  SS 
Pump, 1 gpm, c e n t r i f u g a l  

850 cfm 

Mixing t a n k ,  250 g a l l o n ,  CS 
KOH packed tower ,  1 2  i n .  diam x 1 5  f t  h i g h ,  SS 
KOH backed t o w e r ,  1 . 6  f t  d iam x 1 5  f t  h i g h ,  SS 
Pump, 1 gpm, c e n t r i f u g a l  
Mixing t a n k ,  250 g a l l o n ,  CS 

KOH v e n t u r i  s c r u b b e r  and d e m i s t e r ,  1200 cfm 
C e n t r i f u g e ,  7 - in .  v e r t i c a l  b a s k e t  
Mixing t a n k ,  2000 g a l l o n ,  CS ( 2 )  
F i l t e r ,  r o t a r y  drum vacuum, i5 f t 2  
Pump, 5 gpm, c e n t r i f u g a l  ( 4 )  

L i m e  s t o r a g e  t a n k ,  1400 g a l l o n ,  CS 
L i m e  conveyor ,  screw, 6 i n .  d iam x 20 f t  
F i l t e r  c a k e  conveyor  screw, 6 i n .  d iam x 25 f t  
S J u r r y  mix t a n k ,  2000 g a l l o n ,  CS ( 2 )  
S l u r r y  pump, 1 gpm, c e n t r i f u g a l  

P i p e l i n e ,  1000 f t ,  3- in .  ABS, 150 p i p e  
Lime s t o r a g e  t a n k ,  1400 g a l l o n ,  CS 
Lime conveyor  screw, 6 i n .  d iam x 20 f t  
Mixing t a n k ,  l e a d - l i n e d ,  500 g a l l o n  ( 2 )  
Pump, 1 5  gprn, c e n t r i f u g a l  

P i p e l i n e ,  1000 f t ,  3 - in .  ABS, 150 p i p e  
Mixing t a n k ,  l e a d - l i n e d ,  500 g a l l o n  ( 2 )  
Pump, 1 gpm, m e t e r i n g  ( 2 )  
pH c o n t r o l  equipment  

8 4 . 0  

49 .0  
33.0 

118 

109 

49 .O 
399 

11 .6  
1 2 . 8  

1 . 3  

4 . 3  
1 2 . 8  
1 7 . 0  
1 . 3  
4 . 3  

1 3 . 8  
4 . 3  

23 .5  
1 6 . 5  

6 . 0  

2 .7  
7 . 6  
9 . 6  

23 .5  
1 . 3  

1 . 9  
2 . 7  
7.6 

1 8 . 9  
1 . 7  

1 . 9  
1 8 . 9  

4 . 8  
8 .0  

202 
283 
118 

79 
262 

118 
958 

27 .8  
30.7 

3 . 1  

1 0 . 3  
30.7 
40 .8  

3 . 1  
1 0 . 3  

33.0 
1 0 . 3  
56 .4  
3 9 . 3  
1 4 . 4  

6 . 5  
1 8 . 2  
23.0 
56 .4  

3 . 1  

4 . 6  
6 .5  

1 8 . 2  
45 .4  

4 . 1  

4 . 6  
45.4 
11.5 
1 9 . 2  
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Tab le  6 . 3  ( c o n t i n u e d )  

Cos t s  w i t h o u t  s t r u c t u r e  

a b 
($1000) 

I t e m  Direct C a p i t a l  

Feed c a l c i n e r  30 72 * 

P u l s e  j e t  bag  f i l t e r ,  5000 cfm 56 134 .4  
Lagoon, l i n e d ,  1 . 5  x lo6  g a l  

96 
43 .2  

C e n t r i f u g e ,  16  gpm 7 1 6 . 8  

( h o l d i n g  pond f o r  l i q u i d  n i t r a t e  w a s t e )  4P 
P r e c i p i t a t o r ,  18 ,500  g a l  18 

S l u r r y  mix t a n k ,  250 g a l ,  CS 
Spray  d r y e r  ( i n c l u d e s  bag  f i l t e r )  
P u l s e - j e t  bag f i l t e r  ( f o r  r a d w a s t e  drumming), 

4000 cfm 
F l a s h  mixer  
P r e a e r a t o r ,  7000 g a l  

F l o c c u l a t o r ,  7000 g a l  
C l a r i f i e r ,  600 f t 2  
C e n t r i f u g e ,  20 gpm 
N i t r i f i c a t i o n  r e a c t o r ,  6 . 1  x lo4  g a l  (2)  
C l a r i f i e r ,  650 f t 2  

D e n i t r i f i c a t i o n  b i o r e a c t o r ,  1 . 0  x l o 6  g a l  (2)  
Aera t ed  b i o r e a c t o r ,  1.1 x l o 4  g a l  ( 2 )  
P h y s i c a l  c o n d i t i o n e r ,  1000 g a l  (2)  
C l a r i f i e r ,  735 f t 2  
Sand f i l t e r ,  32 gpm 

Mixer,  1 2  gpm 
F i l t e r ,  r o t a r y  drupl, 60 f t 2  
M u l t i p l e - h e a r t h  f u r n a c e  ( i n c l u d e s  c y c l o n e )  
V e n t u r i  s c r u b b e r ,  1000 cfm 
C l o t h  bag  f i l t e r  ( f o r  l i m e  d u s t s ) ,  4000 cfm 

L i m e  s l a k e r  
B l o w e r ,  20 x l o 3  c f m  
Pump, 300 gpm, c e n t r i f u g a l  ( 3 )  
Pump, 400 gpm, c e n t r i f u g a l  
Pump, 20 gpm, c e n t r i f u g a l  ( 2 )  

Pump, 20 gpm, s l u r r y  (4)  
Pump, 1 gpm, s l u r r y  ( 3 )  
Pump, 1 gpm, meteFing  (3)  
Pump, 1 . 5  gpm, m e t e r i n g  

4 . 3  1 0 . 3  
246 590.4 

49 118 

22 52.8 
2.2 5 .28  

2 2  52 .8  
147 352 .8  

7 16 .8  
38 91.2 

150 360 

350 840 
34 81 .6  
1 8  43.2 

180 432 
100 240 

8 . 6  20.6 
36 86.4 

247 592.8 
1 2 . 5  30 
1 5  36 

1 3 . 3  31.9 
1 1 . 3  27.9 
18 43.2 

6 . 4  15 .4  
3 . 4  8 .2  

6 .8  16 .4  
3.9 9 . 3  
9 . 0  21 .6  
3 .8  8 . 2  

Cos t  f o r  1973. Direct c o s t  i n c l u d e s  p u r c h w e  c o s t  and comple t e  i n s t a l l a t i o n  c o s t .  

C a p i t a l  c o s t s  

a 

b C a p i t a l  c o s t s  are c a l c u l a t e d  by m u l t i p l y i n g  t h e  d i r e c t  . c o s t  by 2 . 4 .  
i n c l u d e  d i r e c t  c o s t s  and i n d i r e c t  c o s t s .  
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Table 6.4. Installed costs of equipment for the model 
10,000-metric ton/yr SX-F UF6 plant 

' WASTE TREATMENT CASE 4 

Costs without structure 

Item Directa Capital 
($1000) 

b 

Pulse-jet bag filter, 10,000 cfm 
Pulse-jet bag filter, 12,000 cfm 
Pulse-jet bag filter, 4000 cfm 
Pulse-jet bag.filter, 2000 cfm 
HEPA filter, 10,000 cfm 

HEPA filter, 12,000 cfm 
HEPA filter, 4000 cfm 
HEPA filter, 2000 cfm 
Blowers ' 

Duct 

Pulse-jet bag filters, 60,000 cfm (6) 
H20 venturi scrubber, condenser, and demister, 

Karbate condenser, lo6 Btulhr (2) 
Refrigeration unit, 2 ton with brine tank and sump 
KOH packed tower, 12 in. diam x 15 ft high, S S  

850 cfm 

Pump, 1 gpm centrifugal 
Mixing tank, 250 gal, CS 
Karbate condenser, 17.7 ft2 (2) 
Refrigeration unit, 7 ton, -120°F 
KOH packed tower, 1.6 ft diam x 15 ft high, SS 

Pump 1 gpm, centrifugal 
Mixing tank, 250 gal, CS 
KOH venturi scrubber and demister, 1200 cfm 
Natural-gas air heater, 1584 Btu/min 
HEPA, 1000 cfm 

Blower 
Duct 
Mixing tank, 6400 gal, CS (2) 
Pump, 20 gpm centrifugal (2) 

Lime conveyor, screw, 6 in. diam x 20 ft 
Pipeline, 1000 ft, 3-in. ABS, 150 pipe 
Lagoon, lined, 1.4 x lo5 gal (CaF2 settling basin) 
Centrifuge, 12-in. vertical basket 
Mixing tank, 2500 gal, CS (2) 

. .  

84.0 
95.0 
49.0 
33.0 
15 

18 
6 
3 
35.8 
13.1 

1484 

11.6 
12.0 
12.0 
12.8 

1.3 
4;3 
4.5 

136.0 
17.0 

1.3 
4.3 
13.8 
0.5 
1.5 

1 
0.3 
44.3 
3.4 

7.6 
1.9 
10.6 
7.8 
27.7 

202 
228 
118 
79 
36 

43.2 
14.4 
7.2 
85.9 
31.4 

3562 

27.8 
28.8 
28.8 
30.7 

3.i 
10.3 
10.8 
326.4 
40.8 

3.1 
10.3 
33.1 
1.2 
3.6 

2.4 
0.7 

106.3 
8.2 

18.2 
4.6 
25.4 
18.7 
66.5 
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Table 6.4 (continued) 

Costs without structure 

b 
($1000) 

Item Direc ta Capital 

Lime conveyor, screw, 6 in. diam x 20 ft 
Filter, rotary drum, 3 ft2 
Pump, 5 gpm, centrifugal (4) 
Lagoon, lined, 8.4 x lo5 gallon (CaF2 pit) 

Mixing tank, lead-lined, 500 gallon (2) 
Pumps, 1 gpm, metering (2) 
pH control equipment 

Lagoon, lined, 1.1 x l o 6  gallon 

Precipitator, 18,500 gallon 
Centrifuge 
Cement plant 

Surge tank, 25,000 gallon 
Evaporator, batch, 25,000 gallon 
Demister, 300 cfm 
Ammonia rectifier 
Centrifuge, 18 gpm 

(holding pond for liquid nitrate 

Charcoal filter, 8 gpm 
Lagoon, lined, 3.2 x lo6 gallon 
(for Cas04 chemwaste) 

Dump bin, 40 ft3 

Holding.tank, 7000 gallon 
Evaporator, batch, 6000 gallon 
Condenser 
Charcoal filter, 5 gpm 
Neutralizer, 10 gpm 

Evaporator, 72 ft2 
Condenser, 72 ft2 
Boildown evaporator, 15 gpm 
Condenser, 8 gpm 
Charcoal filter, 8 gpm 

Denitrator, SS 
Baffle scrubber, SS 
Condenser, 169 cfm 
Absorption tower, 85 cfm, SS 
Ozone sparger, 600 gallon, SS 
Demister, 1200 cfm, SS 

waste) 

7.6 18.2 
6.3 15.1 
6.0 14.4 
31.0 74.4 

18.9 45.4 
4.8 11.5 
8.0 19.2 

39 
18 
7 

56.1 

44 
360 
0.3 
24.8 
7 .O 

93.6 
43.2 
16.8 
134.6 

105.6 
864 
0.7 
59.5 
16.8 

3.8 9.1 

70 168 
1.0 2.4 

20.5 
176.6 
8.0 
3.1 
4.5 

29 
8.0 
3.6 
8.0 
3.8 

34 
9.8 
8.6 

112 
16 
1.2 

49.2 
423.8 
19.2 
7.4 
10.3 

71 
19 ' 

8.6 
19.2 
9.1 

81.6 
23.5 
20.6 
268.8 
38.4 
2 :9 
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Table 6.4 (continued) 

Costs without structure 

b 
($1000) 

Item Directa Capital 

Nitric acid rectifier, 4.5 gpm 
Heat exchanger, S S  
Ozone sparger, 750 gal, SS 
Demister, 327 cfm, SS 
Ozone generator, 60 lblday, SS (2) 

Grinder (pulverizer) 
Slaker 
Cloth bag filter, 6000 cfm (for MgO dusts) 
Cloth bag filter, 6000 cfm (for MgO dusts) 
Leacher, 250 gal 
Centrifuge, 11-in. vertical basket 

Condenser 
Wiped-film evaporator, 1.4 gpm 
Condenser 
Cloth bag filter (for drumming waste salts) 

Blower, 1000 cfm 
Blower, 300 cfm 
Pump, 20 gpm, centrifugal (8) 
Pump, 20 gpm, slurry (4) 
Pump, 1 gpm, centrifugal (4) 

Pump, 1 gpm, slurry (3) 
Pump, 1 gpm, metering (5) 
Pump, 5 gpm, centrifugal, SS (2) 
Pump, 3 gpm, centrifugai, ss 
Pump, 2 gpm, centrifugal, SS 

58.8 141.1 
1.0 2.4 
20 48 
0.6 1.4 

201 482.4 

9.6 23.0 
17.3 41.5 
20 48 
20 48 
4.5 10.8 
7.0 16.8 

2.8 6.7 
15.7 37.7 
2.8 6.7 
3.8 9.1 

1.8 4.3 
0 .8  1.9 
13.6 32.0 
6.8 16.0 
5.2 12.4 

3.9 9.3 
15.0 36.0 
6.8 16.2 
3.4 8.1 
2.6 6.2 

a 

bCapital costs are calculated by multiplying the direct cost by 2.4. 

Costs for 1973. 
cost . Direct cost includes purchase cost and complete installation 

Capital 
costs include direct and indirect costs. 
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Table 7.1. Latitude-longitude coordinates used to derive 
data sets for population distribution 

Latitude (N) Lmgitude (W) 

Midwestern site 35" 5 2 '  50" 97" 35 '  00" 

38" 12' 18" 90" 28' 28" 

41" 2 2 '  43" 88" 16' 36", 

Western (miliing) site 35" 15' 50" 107" 55 '  50" 

35" 24' 30" "37"  50'  00" 

43" 04' 00" 105" 30' 00" 

42" 49' 00" 107" 37' 00" 

38" 19' 30" 108" 45' 00'" 



Table 7.2. Representative population distribution at successive distances for midwestern site 

Radial distance (miles) 

Sector 0-0.5 0.5-1 1-2 2-3 3-4 4-5 5-10 10-15 15-25 25-35 35-45 45-55 

N 

NNE 

NE 

ENE 

E 

ESE 

SE . 

SSE 

S 

ssw 
sw 
wsw 
W 

WNW 
Nw 

NNW 

Total (by 
distance) 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 2 60 

0 0 

0 260, 
2449 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

146 

0 

0 

0 

0 

0 

146 
2220 

0 0 

0 0 

0 0 

0 652 

365 0 

0 69 

13 537 

0 0 

87 0 

0 0 

0 0 

0 526 

0 0 

0 . 132 

0 0 

0 544 

465 2460 
k804 21453 

252 

816 

709 

1197 

452 

2 

482 

0 

72 

98 

0 

0 

0 

77 

0 

0 
4157 
24280 

2,007 

847. 

936 

1,906 

3,506 

799 

1,022 

1,796 

1,498 

626 

2,233 

907 

3,128 

505 

346 

579 

22,641 
28,469 

1,037 

7,688 

23,608 

1,377 

254 

972 

696 

706 

908 

586 

428 

202 

655 
402 . 

1,083 

829 

40,498 
249,447 

19,193 

40,643 

22,601 

8,737 

1,824 

3,323 

3,241 

10,056 

30,234 

3,588 

2,614 

1,380 

4,400 

1,424 

8,288 

5,823 

167,369 
242,111 

108,738 

347,330 

77,981 

85,826 

10,629 

4,470 

23,827 

41,868 

100,668 

6,416 

6,862 

8,621 

8,192 

6,379 

5,991 

5,027 

848,825 
2378,192 

96,229 

300,030 

625,661 

192,983 

14,875 

8,449 

5,080 

4,461 

10,935 

7,425 

1,717 

2,690 

14,438 

4,908 
6,200 

28,615 

1,324,696 
21,536,279 

46,889 

300,804 . 

575,054. 

110,272 

24,482 

4,378 

15,453 

7,339, 

3,933 

17,328 

3,257 

4,601 

8,317 
3,646 

4,146 

20,359 

1,150,618 
51,698,458 

Cumulative 0 260 406 871 3331 7488 30,129 70,627 237,996 .1,086,821 2,411,517 3,562,135 

Density 
(ind . /mile2) 4 95 440-- 96 -126- + 

a Standard deviation of the mean (total). 



Table 7.3. Representative population distribution at successive distances for western 
(milling) sites in the United States 

Radial distance (miles) 

Sector 0-0.5 0.5-1 1-2 2-3 3-4 4-5 5-10 10-15 15-25 25-35 35-45 45-55 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

ssw 
sw 
wsw 
W 

WNW 

Nw 

NhW 

Mean (by 
' distance) 

. Cumulative 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

191 

0 

0 

0 

0 

0 0 0 

0 146 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 . o  
0 0 0 

0 0 0 

0 0 0 

0 0 0 

3a 

0 

0 

0 

0 

0 

995 

1196 

0 

0 

0 

0 

97 

0 

0 

0 

0 0 

0 0 

0 0 

0 105 

71 0 

426 0 

164 0 

0 722 

0 1931 

327 580 

o 168 

0 303 

19 7 0 

102 135 

0 0 

19 7 91 

5 306 

67 259 

a0 194 

91 909 

58 39 
483 193 

411 295 

365 268 

0 225 

280 206 

179 466 

i a i  5,578 

338 2,954 

64 3 a58 

79 69 

410 197 

2,330 

6,053 
1,197 

2,232 

755 
328 

7 

353 
0 
0 

92 

5,226 

4,185 

I 
Iu 
4 
u1 
I 

4, a81 

iai 

365 

Density 
(ind. /mile2) +4.3.-* 9.9 4- 3.0-. -7.1-e 

a Standard deviation of the mean. 



a Table 7.4. Maximum annual doses to individualsb ' from airborne effluents 
from a model SX-F UFg plant -- "low-impurity" feedd -- 
assuming that 100% of the food is produced locally 

ALL AIRBORNE EFFLUENTS 

Airborne Individual 
radwaste total-body 
treatment dose Adult organ doses (mreni) 
case (mrem) GI tract Bone Thyroid Lung Muscle Kidney Liver Spleen Testes Ovaries 

Midwestern site 

1 3. OEOO 2.9E00 2.8E+1 3:3E00 1.8E+1 2.8E00 7.OE00 2.6E00 2.4E00 3.OE00 2.1E00 
2 1. OEOO 9.6E-1 9.. 4E00 1. IE00 8.4E00 9.5E-1 3 .OEOO 1. lEOO 1.2E00 1. OEOO 7.2E-1 
'3 3.6E-1 3.4E-1 .4.OE00 3.8E-1 2.OE09 3.4E-1 9.6E-1 3.4E-1 3.OE-1 3.6E-1 2..6E-1 
4 1.9E-3 1.7E-3 1.4E-2 2.OE-3 5.7E-2 1.8E-3 1.7E-2 4.8E-3 8.2E-3 2.OE-3 1.4E-3 

New Mexico site 

1 4.2E00 4. OEOO 3.9E+1 4.6E00 2.6E+1 3.9E00 9 - 7E00 3.7E00 3.4E00 4.2E00 3 .  OEOO 

2 1.4EW 1.3EOO 1.3E+1 L. 5E00 l.lE+l 1.3E00 4. OEOO 1.4E00 1.5E00 1.4E00 9.8E-1 
3 5.OE-1 4.6E-1 5.7E00 5.4E-1 3.OE00 4.7.E-1 1.3E00 4.7E-1 4.2E-1 5.OE-1 3.7E-1 
4 2.7E-3 2.4E-3 1-9E-2 2.8E-3 8.OE-2 2.5E-3 2.4E-2 6.8E-3 1.2E-2 2.8E-3 2.OE-3 

a 

bMaximum dose to individual at 0.5 mile (800 m) and downwind of the prevailing wind direction. 

50-yr dose commitment from exposure to effluents from one year's operation of the model plant. 

Release height: 5 m. 
Average dose isg47% of the:maximum. 

All food is produced and consumed at the location of the dose calculation. 
0.25 kg of vegetables, and 0.3 kg of beef. 

Daily intakes are 1.0 liter. of milk, C 

dlO,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 
226Ra per gram of U nat' 



t: 
a Table 7 . 4 a .  Doses to individuals and to population from air orne effluents from a 
model SX-F UF6 plant - "low-impurity" feed 

PROCESS DUST CONTROL EFFLUENT 

Maximum annual individual doses at 0.5 mile 
> PO ulation 

( E R ' k r n )  

case (mr em) Bone Lung Kidney ( pers om-rem) (person-organ-rem) - 

1 

2 

3c 

4 

1 

2 

3c 

4 

1 . 5 E 0 0  

2.1E-1 

2.6E-1 

1.1E-4 

2. lEOO 

2.9E-1 

3.6E-1 

1.5E-4 

1.5E+1 

2. lEOO 

2 .5E00 

1.1E-3 

2.1E+1 

2 .9E00 

3 ..6E00 

1.5E-3 

Midwestern site 

9 .  OEOO 3 . 6 E 0 0  

1 . 3 E 0 0  5.OE-1 

1 . 5 E 0 0  6.2E-1 

6.4E-4 2..6E-4 

New Mexico. si-te 

1.3E+1 5. OEOO 

1. 8 E 0 0  7.1E-1 

2 . 2 E 0 0  8.6E-1 

9.1E-4 3.6E-4 

1.6EO0 

2.2E-1 

2 .  TE-1 

1.1E-4  

3.5E-2 

4.8E-3 

5.9E-3 

2.5E-6 

1.3E+1 

1 . 9 E 0 0  

.2 .3E00 

9.5E-4 

3.3E-1 

4.6E-2 

5.6E-2 

2.3E-5 

a 50-yr dose commitment from exposure to effluents from one year's operation of the model plant. 
produced locally. Release height: 5 m. 

All food 

blO,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2 8 0 0  pCi of 230Th and 
2 0 0  pCi of 226Ra per gram of Unat. 

Case 3 releases are slightly higher than Case 2 because an additional dust generating step -- a yellow 
cake calciner -- has been added to reduce the quantity of 'ammonium ions in the liquid waste. 

C 



Table 7.4b. Doses to individualsa and to population from qrborne effluents from a 
model SX-F UF6 plant - "low-impurity" feed 

PROCESS OFF-GAS 

. Maximum.annua1 individual doses at 0.5 mile 
(800 m) Annual doses to population Airborne 

radwas te Total-body 
t 1: ea tmen t dose Total body Bone 

within 55 miles (88 km) 
Adult organ doses (mrem) 

case . (mrem) Bone Lung Kidney (person-rem) (pers on-or gan-r em) 

Midwestern site 

7. lEOO 

2 . 1.4E-1 1.lEOO 8.5E-1 2;8E-1 . 1.5E-1 1. lEOO 
1 9.2E-1 . 7.4E00 5.6E00 1.9E00 9.7E-1 

1.4E-2 3 9.4E-3 8.43-2 5.7E-2 ' 2.1E-2 

4 4.2E-6 3.8E-5 2.5E-5 9.2E-6 4.4E-6 

New Mexico site 

1.3E00 'l.OE+l 8.OEOO 2.6E00 

1.9E-1 ' 1.5E00 1.2E00 3.9E-1 

1.2E-1 8.1E-2 2.9E-2 1.3E-2 
5; 9E-6 5.3E-5 3.6E-5 1.3E-5 

2.1E-2 

3.2E-3 

2.2E-4 

9.6E-8 

7.8E-2 

3.5E-5 

1.6E-1 

2.4E-2 

1.. 9E-3 

8.3E-7 

50-year dose commitment from exposure t o  effluents from one year's operation of the model plant. 
produced locally. Release height: 

A l l  food a 

5 m. 

blO,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 

nat' 200 pCi of 226Ra per gram of U 



a Table 7.4~. Doses to individuals and to population from airb rne effluents 
from a model SX-F UF6 plant - "low-impurity" feed g 

BUILDING VENTILATION EFFLUENT 

Maximum annual individual doses a t  0.5 mile 

xiroorne 
radwas te Tot al-body 
treatment dose Adult organ 

I _. -L _I_ - (800 m) Annual doses to population 

To tal body Bone 

within 55 miles (88 km) 
doses (mrem) 

case (mr em) Bone Lung Kidney (person- rem) (pers on-organ- r em) 

Midwestern site 

6.1E-1 . 5.9E00 3.6E00 1.4E00 6.2E-1 

6.1E-1 5.9E00 3.6E00 1.4E00 6.2E-1 

5.8E-2' 6.6E-1 3.2E-1 1.5E-1 5.8E-2 

6.OE-4 5.9E-3 3.6E-3 1.4E-3 6.2E-4 

5.4E00 

5 : 4E00 

5.7E-1 

5.3E-3 

New' Mexico site 

1 8.4E-1 8.3E00 5. lEOO 2.OE00 . 1.4E-2 1.3E-1 

8.4E-1 8.3E00 5.1E00 ' 2.OE00 1.4E-2 

8.1E-2 9.3E-1 4.6E-1 2.1E-1 1.3E-3 

8.4E-4 8.3E-3 5.1E-3 2.OE-3 1.6E-5 

1.3E-1 

1.4E-2 

1.4E-4 

a 50-yr dose commitment from exposure to effluents from one year's operation of the model plant. A l l  food 
produced locally. Release height: 5 m. 

blO,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 
200 pCi of 226Ra per gram of U nat' 



a Table 7.4d. Doses to individuals and to population from airb rne effluents g from a model SX-F.UF6 .plant - "low-impurity" feed 

RADWASTE DUST CONTROL 

Maximum annual individual doses at 0.5 mile 
(800 m) Annual doses to population Airborne 

radwas te Total-body 
treatment dose Total body Bone Adult organ doses (mrem) 

case (mr em) Bone Lung Kidney (person-r em) (person-organ-rem) 

Midwestern site 

1 

2 

3.2E-2 

4.7E-6 

Not applicable 

Not applicable 

7.8E-1 9.5E-2 1.5E-1 

8.3E-5 2.OE-5 1.7E-5 

New Mexico site 

Not applicable 

Not applicable 

2.3E-2 

.1.6E-5 

3 4.5E-2 l.lE00 1.4E-1 2.2E-1 5.9E-4 

4 6.6E-6 .1..2E-4 2.9E-5 2.4E-5 4.OE-7 

5.6E-1 

3.5E-4 

1.6E-2 

1.OE-5 

a 50-yr dose commitment from exposure to effluents from one year's operation.of the mcjdel plant. All food 
produced locally. Release height: 5 m. 

blO,OOO-metric tonlyr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 
200 pCi of 226Ra per gram of U 

nat' 



k a Table 7.4e. Doses to individuals and to population from air orne effluents from a . 
model SX-F UFg .plant - "low-impurity'' feed 

RADON-222 AS GASEOUS. RELEASE' 

Maximum annual individual doses.at.0.5 mile 
(800 m) .Annual doses to population 

within 55 miles (88 km) Airborne 

treatment dose Total body Bone 
radwas te Total-body Adult organ doses (mrem) 
case (mrem) Bone Lung Kidney (per son-r em) (person-organ-rem) 

Midwestern site 

Id 4.6E-3 2.5E-2 2 ..OE-1 5.9E-2 3.8E-3 

ze 6.2E-2 3.4E-1 2.7E00 8.OE-1 5.2E-2 
jf 1.3E-3 7.OE-3 5.6E-2 1.6E-2 1.1E-3 

qf .I.. 2E-3 6.4E-'3 .5.3E-2 1.5E-2 9.8E-4 

1.9E-2 

2.5E-1 
5.1E-3 

4.8E-3 

- 

New Mexico site 

Id 6.6E-3 3.6E-2 2.9E-1 8.5E-2 1.OE-4 5.5E-4 

ze 6.8E-2 3.7E-1 3 .OEOO 8.9E-1 1.1E-3 5.8E-3 

jf 1.8E-3 9.9E-3 8.OE-2 2.3E-2 2.8E-5 1.5E-4 

qf 1.7E-3 9.2E-3 7.4E-2 2.1E-2 2.6E-5 1.4E-4 

50-yr dose commitment from exposure to effluents from one year's operation of the model plant. All food 
produced locally. Release height: 5 m. 

a 

blO,OOO-metric ton/yr solvent extraction-fluorination plant; plant f.eed contains 2800 pCi of 230Th and 
200 pCi of 226Ra per gram of Unat. 

'Includes daughters '18Po .and 214Pb from 7-min decay of 222Rn gas after it leaves the plant. 

dIncludes radon from 30-yr accumulation of  radwasLe-sludges in a wet chemical pit. 

e Includes radon from 15-yr accumulation of  solid and liquid radwastes in lagoons. 

fRadwaste to off-site burial. 



a Table 7.5. Annual.doses to the populationb from airborne effluents from a 
model SX-F UFg plant - "low-impurity" feed' 

Airborne Population 
radwas te total-body 
treatment dose Population organ dose (person-organ-rem) 
case (person-rem) GI tract Bone Thyroid Lung Muscle, Kidney Liver Spleen Testes Ovaries 

Midwestern site 

1 . ,3.2E00 3.lEOO 2.6E+1 3.4E00 1:. 4E+1 . 2.9E00 6.5EOO' .2.7E00. 2.. 4E00 .3; lEOO 2. lEOO 

2 1. OEOO 1.OEm 2.5E00 l.lE00 8.6E00 9.6E-1 2.6E00 9.9E-1 1.OE00 1.OE00 6.9E-1 
3 3.6E-1 3.6E-1 3.5EOO 3.9E-1 1.6E00 3.3E-1 8.4E-1 3.2E-1 2.9E-1 3.5E-1 2.5E-1 

1.7E-3 1.5E-3 l.lE-2 1.8E-3 8.3E-2 1.6E-3 1.3E-2 3.7E-3 6.1E-3 1.8E-3 1.2E-3 4 
I 
h) 
00 
N 

I 
New Mexico site 

1 7.OE-2 6.5E-2 6.2E-1 7.5E-2 4.2E-1 6.5E-2 1.6E-1 6.OE-2 5.5E-2 6.9E-2 4.8E-2 

2 2.3E-2 2.2E-2 2.1E-1 2.5E-2 2.3E-1 2.1E-2 6.3E-2 2.3E-2 2.4E-2 2.3E-2 1.6E-2 

3 8.OE-3 7.6E-3 8.8E-2 8.6E-3 4.7E-2 7.5E-3 2.1E-2 7.5E-3 6.6E-3 8.OE-3 5.8E-3 
4 4.3E-5 3.8E-5 3.OE-4 4.4E-5 2.7E-3 4.OE-5 3.73-4 l.lE-4 1.8E-4 4.5E-5 3.1E-5 

a50-yr dose commitment from exposure to effluents from one year's operation of the model plant. 

bEntire population within 55 miles (88 km) of the model plant; daily food intakes are 300 ml of milk, 0.25 kg of vegetables, 

Release height: 5 m. 

and 0.3 kg of beef. All food is produced and consumed at the reference location. 

10,000-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra 
per gram of U 
C 

nat' 



Table 7.6. Exposure modes contributing to total-body dose from. 
airborne effluents of a model SX-F UFg plant - "low-impurity" feed a 

Maximum annual 
individual 

total-body dose 
Percent of 
to tal-body b 

Terrestrial exposure mode (mr em) dose 

Submersion in air 6.OE-4 0.2 C 

C Contaminated ground . 

d Inhalation 

1.7E00 

8.7E-1 

54.8 

28.0 

5 i3E-1 17.0 e Ingestion 

a 10,000-metric ton/yr solvent extraction-fluorination plant; plant feed 
contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of U nat 

bCase 1 at 0.5 mile (800 m) downwind from the plant; midwestern site. 

C Exposure for 100% of the time; no shielding;.. 

I 
h, 
m 
w 
I 

dInhalation rate of 20 m3 of air per day. 

e All food is produced and consumed at the location of the dose 
calculation. Daily intakes are 1.0 liter of milk, 0.25 kg of 
vegetables, and 0.3 kg of beef. . 
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Table 7.7. Major radioriuciides contributing t o  doses from airbgrne 
effluents from a model SX-F UFg plant - "low-impurity" feed 

~~~~ ~~~ 

b Percent of total-body or organ dose 
Radionuclide Total body GI tract Bone Thyroid Lung Kidney 

226Ra 1.6 <0.1 1.7 1.5 0.3 0.7 

230Th 4.8 0.1 18.9 4.4 3.5 16.5 

234Th <0.1 9.5 0.1 <0.1 0.1 0.3 

2 3 4 ~  25.3 20.6 36.4 21.4 46.5 35.2 

2 3 5 ~  12.4 7.2 2.8 14.3 2.8 4.5 

238" 55.7 62.4 40.0 58.2 45.6 41.9 

222Rn (as' 0.2 0.1 0.1 0.2 1.2 0.9 
gaseous release) 

a Solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th  
and 200 pCi of 226Ra per gram of Unat. 

bMaximum 50-yr dose commitment to individual at 0.5 mile (800 m) from 
exposure to Case 1 effluents from one year's operation of the model 
plant at the midwestern site. 

'Includes daughters 218Po and 'lLiPb from assuming 7-min decay of 222Rn gas 
after it leaves the plant. 



Table 7 . 8 .  Major radionuclides contributing to exposure modes for airborne 
effluents from a model SX-F UFg plant - "low-inpurity" feedavb 

Percent of organ exposure mode Percent of total-body exposure modeC 
d Bone Lung , Kidney 

f Submersiond Contaminated 
Radionuclide in air ground Inhalatione Ingestionf Inhalatione Ingestionf Inhalatione Ingestionf Inhalatione Ingestion 

226Ra <o. 1 <o. 1 CO.1 5.6 <o. 1 3.4 <0.1 5.6 CO.1 1.5 

OTh <o. 1 0.1 27.0 0 . 3  4 5 . 8  0.7 3 . 9  0 . 3  4 2 . 6  0 . 9  

234Th 0.1 0 . 2  0.1 <0.1 0 . 2  <0.1 0.1 <0.1 0.7 CO.1 

2 3 4 ~  <o. 1 8.6 3 8 . 1  4 9 . 5  27.7 49.5 49 .8  49.5 2 8 . 6  51 .4  

23511 0.1  2 1 . 9  0 . 8  1.1 0 . 6  1.1 1.1 1.1 0.7 1 . 2  

2 3 8 0  <o. 1 

'"Rn (as g 9 9 . 8  
gaseous release) 

6 9 . 3  

0.1 

I 
h) 

Ul 
I 

3 3 . 4  4 3 . 4  2 5 . 4  45.3 43 .7  43.4 2 5 . 1  4 5 . 1  

0.5 <o. 1 0.2 CO.1 1 . 3  <0.1 2 . 4  <0.1 03 

aSolvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of Unat. 

bCase 1 at 0 . 5  mile ( 8 0 0  m) downwind from the plant, midwestern site. 

CContributions of exposure modes to total-body dose given in Table 7 . 6 .  

dExposure for 100% of the time; no shielding. 

eTnhalation rate of 2 0  m3 of air pcr day. 

fAll food is produced and consumed at the location of the dose calculation. Daily intakes are 1.0 liter of milk, 0.25  kg of vegetables, 
and 0 . 3  kg of beef. 

glncludes daughters ' l aPo  and 214Pb, assuming 7-min decay of 222Rn gas after it leaves the plant. 



a Table. 7.9. Maximum annual dose: to individualsb from airborne effluents from a model SX-F 
UFg plant - “low-impurity“ feed - assuming that none (0%)  of the food is produced locally 

~ ~ ~ _ _ _ _ _  ~ 

Airborne Individual 
radwas te total body 
treatment dose Adult organ doses (mrem) 

Lung Muscle Kidney Liver Spleen Testes Ovaries case (mrem) GI tract Bone Thyroid 

Midwestern site 

1 2.2E00 8.5E-1 1.4E+1 2.4E00 1.8E+1 2.OE00 3.8E00 1.8E00 1.6E00 2.2E00 1.3E00 

2 7.4E-1 3.1E-1 5.1E00 8.2E-1 8.2E00 6.7E-1 2.OE00 7.8E-1 8.8E-1 7.4E-1 4.4E-1 

‘ 3  2.5E-1 8.8E-2 2.4E00 2.7E-1 2.OE00 2.3E-1 6.OE-1 2.3E-1 1.9E-1 2.5E-1 1.5E-1 
4 1.7E-3 1.2E-3 1.OE-2 1.7E-3 5.6s-2 1.6E-3 1.6E-2 4.6E-3 7.9E-3 1.8E-3 1.2E-3 I 

N 
03 
m New Mexico site I 

1 3. OEOO 1.2E00 2.OE+1 3.4E00 2.5E+1 2.7E00 5.3E00 2.5E00 2.2E00 3.OE00 1.8E00 

2 1. OEOO 4.2E-1 7.1E00 l.lE00 1.1E+1 9.2E-1 2.6E00 1.OEOO l.lE00 1.OEOO 6.1E-1 

3 3.5E-1 1.2E-1 3.4E00 3.8E-1 2.8E00 3.2E-1 8.6E-1 3.2E-1 2.7E-1 3.5E-1 2.2E-1 

4 2.4E-3 1.6E-3 1.5E-2 2.5E-3 8.OE-2 2.28-3 2.3E-2 6.5E-3 1.I.E-2 2.5E-3 1.7E-3 

a50-yr dose commitment from exposure to effluents from one year’s operation of the model plant. 

bMaximum dose to individual at 0.5 mile (800 m) and downwind of the prevailing wind direction. 

C1O,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra 

Release height: 5 m. 

per gram of U nat’ 
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Table 7.10a. Effect of food source on doses 
from a model SX-F UFg plant 

Case 1 - "low-impurity" feed a 

Maximum annual individual doses (mrem/yE) 
per percent of food produced locally ' 

0 10 30 50 100 

Midwestern site 
. . _ .  
Total body 2.2 2.3 2.4 2.6 3.0. 

Bone 14.0 14.2 18.5 21.5 29.0 

Lung 18.0 18.0 18.0 18.0 18.0 

Kidney 3.8 4.1 4.8 5.4 7.0 

New Mexico site 

Total body 3.0 .3.1 .3.4 3.6 ,4.2 

Bone 

Lune 

20.0 22.0 26.0 30.0 40.0 

25.0 25.1 25.3 25.5 26.0 

Kidney 5.3 5.8, 6.7 7.6 9.8 

Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram a 

'nat. 

b?4aximum 50-yr dose commitment to individual at 0.5 mile (800 m) from 
exposure to airborne effluents from one year's operation of a model 
10,000-metric tonlyr solvent extraction-fluorination plant. Release 
height: 5 m. The average dose is 47% of the maximum. 

C Local food is produced 0.5 mile downwind of the plant in the prevailing 
wind direction. Other food is imported from outside the area. 
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Table 7.10b. Effect of food source on doses 
from a model SX-F UF6 plant 

Case 2 - "low-impurity" f eeda 

Maximum annual individual doses (mreqy:) 
per percent of food produced locally ' 

0 10 30 50 100 

Midwestern site 

Total body 0.74 0.77 0.82 0.87 1.0 

Bone 5.1 5.5 6.4 7.3 9.4 

Lung 8.2 8.2 8.3 8.3 8.4 

Kidney 2.0 2.1 2.3 2.5 3.0 

New Mexico site 

Totil body 1.0 1.0 1.1 1.2 1.4 

Bone 7.1 7.7 8.9 10.1 13.0 

Lung .11.0 11.0 11.0 ii.0 11.0 

Kidney 2.6 2.7 3.0 3.3 4.0 

Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram a 

'nat. 

bMaximum 50-yr dose commitment to individual at 0.5 mile (800 m) from 
exposure to airborne effluents from one-year's operation of a model 
10,000-metric ton/yr solvent extraction-fluorination plant. Release 
height: 5 m. The average dose is 47% of the maximum. 

C Local food is  produced 0.5 mile downwind of the plant in the prevailing 
wind direction. Other food is imported from outside the area. 
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Table 7.10~. Effect of food source on doses 
from a model SX-F UF6 plant 

Case 3 - "low-impurity" feeda 

Maximum annual individual doses (mre yr md,C) per percent of food produced locally 
0 10 30 50 100 

Midwestern site 

Total body 0.25 0.26 0.28 0 . 3 1  0.36 

Bone 2 .4  2 ; 6  2.9 3.3 4 .1  

Lung 2.0 2.0 2.0 2 . 1  2 .1 

Kidney 0.60 0.64 0.71 0.78 0.96 

New Mexico site 

Total body 0.35 0.37 0.40 0.43 0; 50 

Bone 

Lung 

3.4 3.6 4 . 1  4.6 5.7 

2.8 2.8 2.8 2.9 2.9 

Kidney 0.86 0.90 0.99 1.1 1 . 3  

Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram a 

'nata 

bMaximum 50-yr dose commitment to individual at 0.5 mile (800 m) from 
exposure to airborne effluents from one year's operation of a model 
10,000-metric ton/yr solvent extraction-fluorination plant. Release 
height: 5 m. The average dose is 47% of the'maximum. 

Local food is produced 0 .5  mile dotmwind,of the plant in the prevailing 
wind direction. Other food is imported from outside the area. 
C 
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Table 7.1Od. Effect of.food source on doses 
from a model SX-F UFg plant 

a Case 4 - "low-impurity" feed 

Maximum annual individual doses (mrem&) 
per percent of food produced locally 

0 10 30 50 100 - 
Midwestern site 

Total body 0.0017 0.0017 0.0018 0.0018 0.0019 

Bone 0.012 0.012 0.013 0.013 0.014 

Lung 

Kidney 

New Mexico site 

Tot a1 body 

Bone 

Lung 

Kidney 

0.056 0.056 0.056 0.056 0.056 

0.016 0.016 0.016 0.017 0.017 

0.0024 0.0024 0.0025 ' 0.0026 0.0027 

0.015 0.015 0.017 0.018 0.020 

0.080 0.080 0.080 0.080 0.080 

0.023 0.023 0.023 0.024 0.024 

Plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram 
of Unat. 

a 

bMaximum 50-yr dose commitment to individual at 0.5 mile (800 m) from 
exposure to airborne effluents from one year's operation of a model 
10,000-metric tonlyr solvent extraction-fluorination.plant. Release 
height: 5 m. The average dose is 47% of the maximum. 

.. 
C Local food is produced 0.5 mile downwind of the plant in the.prevailing 
wind direction. Other food is imported from outside the area. 
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.Table 7 . 1 2 .  Reduct ion of dose  as a f u n c t i o n  of 
d i s t a n c e  from a model SX-F UFg p l a n t  

. F r a c t i o n  of to ta l -body dose  re1 a%ive 
t o  t h a t  a t  ' 0 .5  . m i l e  (800 m) Dis tance  

. m i l e s  (km) Midwestern s i t e  New Mexico s i t e  

0.5' (0.8) 1.00 1.00 

1.0 (1.6) 0.26 0.26 

2.5 ( 4 . 0 )  0.05 0.04 

5.0 (8.0) 0.01 0.01 

%laximum 50-yr dose commitment t o  i n d i v i d u a l  from exposure t o  a i r b o r n e  
e f f l u e n t s  from one y e a r ' s  o p e r a t i o n . o f  t h e  model p l an t ;  5-m release 
h e i g h t .  

These f r a c t i o n s  a l s o  apply approximately t o  organ  doses .  b 

I 
N 
\o 
N 
I 

C The s i t e  boundary 2s assumed t.o be  0..5 m i l e  (800 m).. 



Table 7.13. Annual doses to individuals from liquid effluents from a 
model SX-F UF6 plant - "low impurity" feeda 
(Case 4 has no liquid radioactive releases.) 

~~ ~~ ~ 

Annual individual dosesb (mrem) 

Liquid Case 1 Liquid Case 2 Liquid Case 3 

Aquatic exposure mode Total body Bone Total body Bone Total body Bone 

15-cfs ( 0 .  4-m3/sec) stream 

C Submersion in water 4.7E-5 5.4E-5 6.5E-10 7.8E-10 1.8E-4 2.OE-4 

6.1E-1 l.OE+l 1.2E-5 1.9E-4 5.3E-1 9.5E00 
3.4E-5 3.1E-1 3.7E00 

1.3E+1 

d Ingestion of water 

Eating fishe 3.3E-1 4.2E00 2.OE-6 

8.4E-1 Totals 9.4E-1 1.4E+1 1.4E-5 2.2E-4 . 

1300-cfs (37-m3/sec) river 
C Submersion in water 
d Ingestion of water 

Eating fishe 
Totals 

2.2E-6 4.9E-7 .5.9E-7 .6.5E-12 8.6E-12 

7.OE-3 1.OE-1 1.4E-,7 6.1E-3 8.8E-2 2.3E-6 

3.8E-3 4. 8 ~ - 2  2.5E-8 4.OE-7 3.6E-3 4.5E-2 

1.1E-2 1.5E-1 1.7E-7 2.7E-6 9.7E-3 1.3E-1 

1.8E-6 

a10 000-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 

bSO-yr dose commitment from 1-yr usage of the stream or river that receives, the liquid effluents. 
22bRa per gram of Unat. 

C Swimming in water, 1% of year. 

dDaily intake of 1.2 liters of water. 
e Daily intake of 20 g of fish. 



Table 7.14; Percent of major radionuclides contributing. to total-body exposure modes for 
liquid effluents from a model SX-F UF6 plant .- "low impurity" feeda 

(Case 4 has no liquid radioactive releases.) 

Liquid Case 1 Liquid Case 2 Liquid Case 3 
Drinking Eating Drinking Eating Drinking Eating 

Radionuclide wa t erb f ishC Swimmingd waterb f ishC Swimmingd wa t erb f ishC Swimmingd 

2 3 4 ~  20.7 6.4 0.7 52.2 51.2 2.2 16.8 4.8 0.1 

2 3 5 ~  0.5 0.2 6.5 1.2 1.2 24.9 0.4 0.1 1.2 

238u 18.4 5.7 0.4 46.4 46.0 1.4 14.7 4.2 0.1 

2 3 4mpa <o. 1 <0.1 45.8 <0.1 co.1 . 35.8 <0.1 <0.1 

234Th <0.1 <0.1 45.8 <0.1 <0.1 35.8 <0.1 CO.1 

I 

\o c. 
49.2 . 

49.2 I 

230Th 8.6 7.9 0.4 0.5 1.4  ' <0.1 9.8 8.3 0.1 

226Ra 51.7 80.9 0.4 <0.1 0.1 ' <0.1 ' 58.5 82.7 0.1 

a Solvent extraction-fluorination plant; liquid released to 1300-cfs river; plant feed contains 2800 Pci Of 230Th and 
200 pCi of 226Ra per gram of Unat. 

bDaily intake of 1.2 liters of water. 

Daily intake of 20 g of fish. 

dSwimming in water, 1% of year. 

C 



Table 7.15. Annual doses to aquatic biota from liquid effluents a 
from a model SX-F UFg plant - ' ' l ow  impurity" feed 

(Case 4 has no liquid radioactive releases) 

Annual biota doses (mrem) Liquid 
radwaste Muskrat 
treatment and/or 
case Algae Invertebrates Fish waterfowl 

15-cfs (0.4-m3/sec) stream 

1 

2.6E-1 5.1E-2 5.OE-3 

1300- c f s ( 3 7 -1n3 / se c ) river 

2.7E+1 2.2E00 1.8E+2 

3.2E+3 

7.3E-4 

3.2E+3 

4.0E+1 

2 3.3E-3 6.3E-4 6.2E-5 9.2E-6 

3 1.7E+2 3.OE+1 2.4E00 4.OE+1 

I 
N 
\o 
VI 
I 

a 10,000-metric ton/yr solvent extraction-fluorination plant; plant feed contains 
2800 pCi of 230Th and 200 pCi of 226Ra  per gram of U nat 



-296- 

a, m
 
0
 

U
 

r
l 

(d 
u
 

0
 

u
 

w
 0 

L
I 
C 
a, 
0
 

$4 
a, 
P
I 

v, 
m

 
m

 

m
 

03 

W
 

m
 

L
D

 

v, 

(d
 

p: 
W
 

N
 

CJ 

4
 

0
 

0
 

N
 

m
 

u3 

* b
 

0
 

N
 

s
 

E-c 
0
 

m
 

N
 

r
l 

0
 

V
 

* * 0
 

W
 

m
 

N
 

c
 

H
 

3
 

m
 

CJ 

4
 

0
 

V
 

0
 

N
 

b
 

r
l 

W
 

N
 

(d
 

PC 

5 m
 

N
 

cv 
0

 

r
l 

b
 

N
 

b
 

N
 

N
 

r
l 

v, 
cr) 

P
 

f
 

m
 

N
 

r
l 

0
 

V
 

b
 

0
 

W
 

0
 

m
 

0
 

P
 

Ln 
m

 
N

 

N
 

0
 

m
 

* h
l 

03 

0
 

N
 

N
 

N
 

m
 

P
 

a0 

N
 

m
 

a
 C a 

R 
0
 

m
 

N
 

w
 0 

.rl 
V
 a 
0
 

0
 

co 
N

 

m
 
C 
4
 

(d
 

u
 

C
 

0
 

0
 

a
 a, a, 

w
 

u
 

C 
(d

 
r
l 
a
 

u
 

C
 

(d
 

4
-

 
a

u
 

a 
c

c
 

0
9

 
.I4 
4

J
W

 
(
d
o
 

E
 

M
a

 
O

b
 

3
0
0
 

.
I
 

0
 

-4
 

re 
u
p
:
 

U
W

 
C
dN

 
M

N
 

tl X
W

 
a

0
 

u
 

.rl 
e
v
 

@
a
 

3
 
d
o
 

0
0
 

V
)
N

 
P

 



Table  7.17. Long-lived r a d i o n u c l i d e s  d i s p e r s e d  v i a  terrestrial pathways 
dur.ing t h e  30-yr l i f e  of a model SX-F UF6 p l a n t  - Case 1, "low-impuri ty" . feed a , b  

T o t a l  a i r b o r n e  
release dur ing  Terrestrial a c t i v i t y  

C 
30-yr p l a n t  l i f e  c o n c e n t r a t i o n  

Radionucl ide  (Ci)  (Ci/m2) 

6Ra 8.37E-4 3.40E-14 . 

'Th 2.89E-2 1.17E-12 

4.35E00 1.77E-10 234u 

235u  1.06E-1 4.31E-12 

4.35E00 1.77E-10 238u 

a 10,000-metr ic  t o n / y r  s o l v e n t  e x t r a c t i o n - f l u o r i n a t i o n  p l a n t ;  - p l a n t  f e e d  c o n t a i n s  
2800 pCi of 230Th and 200 pCi of 2 2 6 R a  p e r  gram of U n a t '  

bAquat ic  releases n o t  i nc luded .  

I 
h) 
\D 

I 

C A c t i v i t y  d i s p e r s e d  uniformly over  a n  area of 2.461E+10 m2 [ i . e . ,  d i s p e r s e d  w i t h i n  
a 55-mile (88-km) r a d i u s  of t h e  p l a n t ] .  



Table 7.18. Annual dosesavb to average individual after the model SX-F UFg plant' closes 
until significant decay of radionuclides occurs - Case 1, "low.-impurity" feed 

Adult organ doses (mrem) p e r  exposure mode Individual total-body doses (mrem) 
per exposure mode 

Bone Lung Kidney 
Contaminated 

Radionuclide ground Inhalation Ingestion Total Inhalation Ingestion Inhalation Ingestion Inhalation Ingestion 

1.9E-8 2 2 6~~ 3.2E-10 1.OE-8 1.9E-8 2.9E-8 1.OE-7 1.9E-7 3.OE-8 1.9E-8 1.OE-8 

230Th 7.2E-9 1.2E-6 1.1E-7 1. .  3E-6 4.5E-5 3.9E-6 5.5E-6 l.lE-7 9.6E-6 1.1E-6 

2 3 4 "  8.5E-5 1.7E-6 9,2E-6 9.6E-5 2.7E-5 1,5E-4 7.OE-5 9.2E-6 6.5E-6 3.5E-5 

2 3 5 "  1.2E-4 3.8E-8 2,lE-7 1.2E-4 6.4E-7 3.5E-6 1.6E-6 2.1E-7 1.5E-7 8.1E-7 

238" 5.6E-5 1.5E-6 8.1E-6 6.6E-5 2.5E-5 1.4E-4 6.1E-5 8.1E-6 5.7E-6 3.1E-5 

Total 2.6E-4 4.4E-6 1.8E-5 2.8E-4 9.9E-5- 3,OE-4 1.4E-4 1.8E-5 2.2E-5 6.8E-5 

aDose after plant closes from radioactive materials which were dispersed in the terrestrial environment during 30-year operation of a 
model 10,000-metric ton/yr solvent extraction-fluorination UFg plant, assuming a uniform distribution of the radioactive dusts within 
a 55-mile (88-km) radius from the plant. 

addition to these doses, there will be a long-term radon dose to individuals living near the repository where the solvent extraction 
sludges are buried. 

I 
h) 
W 
03 
I 

C1O,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of 

"na t . 
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Table 7.19. A nual dosesayb to the populationC after the model SX-F 2 UFg plant closes until significant decay of radionuclides 
occurs - Case 1, midwestern site,e "low-impurity" feedf 

Population 
total-body Population organ doses 

dose (person-organ-rem) 
Radionuclide (person-rem) Bone Lung Kidney 

226Ra 1.OE-4 1.OE-3 1.8E-4 1.OE-4 

230Th 4.6E-3 1.7E-1 2.OE-2 3.8E-2 

2 3 4 ~  3.4E-1 9.9E-1 4.1E-1 2.5E-1 

2 3 5 ~  4.3E-1 6.9E-1 4.OE-1 3.2E-1 

2 3 8 ~  2.3E-1 7.8E-1 3.1E-1 1.7E-1 

Total 1. OEOO 2.6E00 1. lEOO 7.8E-1 

a Dose, after plant closes, from radioactive materials which were dispersed in the 
terrestrial environment during 30-yr operation of a model 10,000-metric tonlyr 
solvent extraction-fluorination UFg plant, assuming uniform distribution of  the 
radioactive dusts within a 55-mile (88-km) radius of the plant. 

addition to these doses, there will be a long-term radon dose to the population 
living near the repository where the solvent extraction sludges are buried. 

'Entire population within 55 miles (88 km) of the model plant. 

dlO,OOO-metric ton/yr solvent extraction+luorination plant. 

e Population total-body dose for New Mexico site is about 2% of dose at mid- 
western site. 

fPlant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of Unat. 



a Table 7.20. Maximum annual doses to  individual^^'^ from airborne effluents from a model 
SX-F UF6 plant - "high-impurity'' feedd - assumi-ng that 100% of. the food is produced locally 

Airborne Individual 
radwas te total body 
treatment dose Adult organ doses (mrem) 
case (mrem) GI tract Bone Thyroid .Lung. Muscle Kidney Liver Spleen Testes Ovaries 

Midwestern site 

4. OEOO 

1.8E00 
7.l.E-1 
4.7E-2 

5.6E00 

2.4E00 

1. OEOO 
6.7E-2 

2.9E00 5.3E+1 

1.3E00 2.1E+1 
3.5E-1 1.2E+L 
3.6E-2 2..8E-1 

4. lEOO 7.5E+1 

1.7E00 2.9E+1 
4.8E-1 1.7Etl' 

5.OE-2 4.OE-1 

4.2E00 

1.9E00 
7.4E-1 
4.8E-2 

5.9E00 

2.5E00 
1. OEOO 
6.7E-2 

2.3E+1 3.8E00 1.2E+1 

2.8E+1 1.7E00 1 . OE+1 
3.4E00 6.9E-1 2.6E00 
1. lEOO 4.4E-2 5.4E-1 

New Mexico site 

3.3E+1 5.3E00 1.8E+1 

3.4E+1 2.2E00. 1.3E+1 

4.8E00 9.7E-1 3.6E00 
1.6E00 6.2E-2 7.8E-1 

4. lEOO 
3. OEOO 
8.2E-1 
8.1E-2 

5.7E00 

3.8E00 

1.2E00 

1.1E-1 

3.6E00 
4.2E00 

7.OE-1 
5.1E-2 

5. OEOO 

5. lEOO 
9.8E-1 
7.2E-2 

4. OEOO 

1.8E00 
7.1E-1 
5.3E-2 

5.6E00 

2.4E00 

1.. OEOO 
7.5E-1 

3. lEOO 

1.4E00 
6.1E-1 
3. IE-2 

1.8E0.0 

8.6E;l 
4.4E-1 

a50-yr dose commitment from exposure to effluents from one year's operation of the model plant. 

bMaximum dose to individual at 0.5 mile (800 m) and downwind of the prevailing wind direction. Release height: 5 m. 
Average dose is 47% of the maximum. 

All food is produced and consumed at the location of the dose calculation. 
0.25 kg of vegetables, and 0.3 kg of beef. 

C Daily intakes are 1.0 liter of milk, 

dlO,OOO-metric ton/yr solvent extraction-fluorination plant; plant feed contains 14,200 pCi of 230Th and 1600 pCi of 

nat' 226Ra per gram of U 



a Table 7.21. Maximum annual doses 
UF6 plant - "high-impurity'' feedC- assuming that none (0%) of the food is produced locally. 

to individualsb from airborne effluents from a model SX-F 
' 

Airborne Individual 
radwas te total body 
treatment dose Adult organ doses (mrem) 
case (mrem) GI tract Bone Thyroid Lung Muscle Kidney Liver Spleen Testes Ovaries 

Midwestern site 

1 2.8E00 8.8E-1 3.6E+1 3.OE00 2.2E+1 2.6E00 8.8E00 2.8E00 2.3E00 2.8E00 1.9E00 

2 1.4E00 6.6E-1 1.5E+1 1.5E00 2.8E+1 1.3E00 9.1E00 2.6E00 3.8E00 1.4E00 9.8E-1 
3 4.2E-1 9.6E-2 8.5E00 4.5E-1 3.1E00 4.OE-1 2.OE00 5.3E-1 4.1E-1 4.2E-.1 3.3E-1 

4 4.7E-2 3.5E-2 2.7E-1 4.7E-2 l.lE00 4.3E-2 5.3E-1 7.9E-2 5.OE-2 5.2E-2 3.1E-2 I 
W 
0 
P 
I New Mexico site 

1 3.9E00 1.2E00 5.1E+1 4.2E00 3.1E+1 3.6E00 1.2E+1 4.OE00 3.3E00 3.9E00 2.6E00 

2 1.8E00 8.1E-1 2.1E+1 1.9E00 3.3E+1 1.7E00 l.lE+l 3.2E00 4.5E00 1.8E00 1.3E00 

3 6.OE-1 1.3E-1 1.2E+1 6.3E-1 4.4E00 5.7E-1 2.9E00 7.5E-1 5.8E-1 6.OE-1 4.6E-1 

4 6.6E-2 4.9E-2 3.9E-1 6.6E-2 1.6E00 6.1E-1 7.6E-1 1.1E-1 7.1E-2 7.4E-2 4.3E-2 . 

a 

bMaximum dose to individual at 0.5 mile (800 m) and downwind of the prevailing wind direction. 

50-yr dose commitment from exposure to effluents from one year's operation of the model plant. 

Release height: 5 m. 

C1O,OOO-metric tonfyr solvent extraction-fluorination. plant; plant feed contains 14,200. pCi of 230Th and 1600 pCi of 

nat' 226Ra per gram of U 



T a b l e  7.22. Annual dosesa t o  t h e  p o p u l a t i o n b  from a i r b o r n e  e f f l u e n t s  from a 
model SX-F UFg p l a n t  - "high-impuri ty"  feed' 

A i r b o r n e  P o p u l a t i o n  
radwas t e  t o  ta l -body 
t r e a t m e n t  d o s e  P o p u l a t i o n  organ  dose  (person-organ-rem) 

Lung Muscle Kidney L i v e r  Spleen  Testes Ovar ies  case (person-rems)  G I  t r a c t  Bone Thyroid 

Midwestern s i t e  

1 3.8E00 3.2E00 4.4Efl 4. lEOO 1.9E+1 3.6E00 1.1E+1 3.7E00 3.2E00 3.8E00 2.8E00 

2 1.6E00 1.3E00 1.7E+1 1.7E00 3.8E+1 1.5E00 7.9E00 2.4E00 3.3E00 1.7E00 1.2E00 

3 6.1E-1 3.8E-1 9.2E00 6.3E-1 2.9E00 5.8E-1 2.OE00 6.6E-1 5.7E-1 6.OE-1 4.9E-1 

4 4.2E-2 3.1E-2 2.2E-1 4.3E-2 1. lEOO 3.9E-2 3.9E-1 6.4E-2 4.4E-2 4.8E-2 2.6E-2 I 
W 
0 
rQ 

New Mexico s i te  1 

1 8.8E-2 6.6E-2 1.2E00 9.4E-2 5.5E-1 8.3E-2 2.7E-1 8.9E-2 7.8E-2 8.9E-2 6.6E-2 

2 3.7E-2 2.8E-2 4.4E-1 3.9E-2 9.9E-1 3.5E-2 2.OE-1 5.8E-2 7.8E-2 3.8E-2 2.8E-2 

3 1.4E-2 7.9E-3 2.5E-1 1.5E-2 8.5E-2 1.4E-2 5.5E-2 1.7E-2 1.4E-2 1.4E-2 1.2E-2 

4 1.1E-3 8.OE-4 6.2E-3 1.1E-3 3.5E-2 9.9E-4 1.2E-2 1.8E-3 l.lE-3 1.2E-3 7.OE-4 

a50-yr dose  commitment from exposure t o  e f f l u e n t s  from one y e a r ' s  o p e r a t i o n  of  t h e  model p l a n t .  

b E n t i r e  p o p u l a t i o n  w i t h i n  55 m i l e s  (88 km) 

Release h e i g h t :  5 m. 

of t h e  model p l a n t ;  d a i l y  food i n t a k e s  are 300 m l  of m i l k ,  0.25 kg of v e g e t a b l e s ,  
and 0.3 kg of  b e e f .  A l l  food i s  produced and consumed a t  t h e  r e f e r e n c e  l o c a t i o n .  

C1O,OOO-rnetric t o n l y r  s o l v e n t  e x t r a c t i o n - f l . u o r i n a t i o n  p l a n t ;  p l a n t  f e e d  c o n t a i n s  14,200 pCi of 230Th and 1600 pCi of 

n a t '  226Ka p e r  gram of  U 



Table 7.23. Annual doses to individuals from liquid effluents from a 
model SX-F UFg plant - "high impurity" feeda 
(Case 4 has no liquid radioactive releases) 

Annual individual dosesb (mrem) 

Liquid Case 1 Liquid Case 2 Liquid Case 3 

Aquatic exposure mode Total body Bone Total body Bone Total body Bone 

15-cfs (0.4-m3/sec) stream 

Submersion in water' 4.8E-5 5.5E-5 6.5E-10 7.8E-10 1.8E-4 2.OE-4 

9.6E-1 2.8E+1 1.2E-5 2.1E-4 9.2E-1 2.7E+1 Ingestion of water 

Eating fish 5.8E-1 8.8E00 2.1E-6 3.8E-5 5.7E-1 8.6E00 
1.5E00 3.7E+1 1.4E-5 2.5E-4 1.5E00 3.6E+1 

d 

e 

Total 

1300-cfs (37-m3/sec> river 
C 2.3E-6 

2.OE-1 

Eating fishe 6.7E-3 1.OE-1 2.5E-8 4.6E-7 6.5E-3 1.1E-1 
3.1E-1 

Submersion in water 5.OE-7 6.1E-7 6.7E-12 8.8E-12 1.8E-6 
1.1E-2 2.5E-6 1.1E-2 2.2E-1 1.5E-7 

d Ingestion of water 

1.8E-2 1.8E-2 3.2E-1 1.8E-7 3.OE-6 Total 

a 10,000-metric ton/yr solvent extraction-fluorination plant; plant feed contains 14,200 pCi of 230Th and 1600 pCi 
of 226Ra per gram of U nat' 

b50-yr dose commitment from 1-yr  usage of the,stream or river that receives the liquid effluents. 

CSwimming in water, 1% of year. 

dDaily intake of 1.2 liters of water. 

e Daily intake of 20 g of fish. . 

I 
W 
0 
W 
I 
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Table 8.1. Total annual cost increase for reduction of the environmental impact 
of the model 10,000-metric ton/yr SX-F UFG production planr--"low-inpurity" feedasb 

YIDWESIERN SITE 

Case 1 Case 2 Case 3 Case 4 

Annual cost increase over base, $ 

Environmental impact 

Maximum annual individual dose at 0.5 mile 
(800 m) from airborne effluents, mreme 

Total body 
Bone 
Lung 
Kidney 

Annual total population dose out to 5 5  miles 
(88 km) from airborne effluents, person-reme 

Total body 
Bone 
Lung 
Kidney 

Annual individual dose from liquid effluents, 
mrem 

15-cfs (0.4-m31sec) stream 
Total body 
Bone 

1300-cfs (37-m3/sec) river 
Total body 
Bone 

Chemical releases, kg/day 

Caseous effluents 
HF 
NO2 
Hexane 
so2 
M I  

Liquid effluents 
NO 3- 
NHt,+ 
F- 
ca7+ 
Na+ 
K+ 
so4 2- 
H C O ~  

Solid waste generated, MT/yrg 
Containing lo-' to uCi of Z30Th/g 
and only slightly soluble 
Containing uCi of 230Th/g and 
only slightly soluble 
Containing vCi of 230Th/g but soluble 

Base 

3. OEOO 
2.8E+1 
1. 8E+1 
7. OEOO 

3.2EOO 
2.6E+1 
1.4E+1 
6.5E00 

9.4E-1 
1.4E+1 

1.1E-2 
1.5E-1 

2.4E+1 
2.6E+2 
4.4E+2 
2.7E+l 

1.4E+4 
1.1E+3 
2.7E+1 
2.OE+3 
1.OE+3 
1.4E+3 
2.4E+2 

1.2E+3 

5.2E+2 

7. 12E+SC 

1.OE00 
9. LEO0 
8.4E00 
3. OEOO 

1 .OEOO 
2 .  5E00 
8.6E00 
2.6E00 

1.4E-5 
2. ?E-4 

1.7E-7 
2.7E-6 

4.2E-1 
2.6E+2 
4.4E+2 
2.7E+1 
4.6E+2 

1. BE00 
1.9E00 

3.2E+1 
5.OE+1 

4.3E+2 . 
6.OE+2 

2.628+6 

3.6E-1 
4 .  OEOO 
2 .  OEOO 
9.6E-1 

3.6E-1 
3. 5E00 
1.6E00 
8.4E-1 

8.4E-1 
lt3E+1 

9.7E-3 
1.3E-1 

4.2E-1 
8.7E+2 
4.4E+2 
2.7E+1 
6.8E+2 

7.8E00 
4.5E-1 
1. BE00 
1.9E00 
l.OE+3 
1.3E+2 
2.9E+2 
2.6E+3 

1.2E+3 

6.OE+2 

3. 36E+6d 

1.9E-3 
1.4E-2 
5.7E-2 
1.7E-2 

1.7E-3 
1.1E-2 
8.38-2 
1.3E-2 

2.9E-1 
5.8E+2 
4.4E+2 
2.7E+1 

3. OEOO 

1.4E00 
1.4~00 

4.6E+3 

9.4E+2 
1.3E+2 

'Hid-1973 dollars. 

bPlanc Feed contains 2800 pCi of 230Th and 200 pCi of 226Ra per gram of U 
'Does not include the cost of final disposal of the liquid nitrate waste. 

dDoes not include cost to the mill of changing the plant feed. 

eFive-meter release height; 100% local food. 

fProcess effluents only; does not include combustion products from heating the plant or operating vehicles, or 

RLong-term hazard defined by 230Th parent since 226Ra will gradually grow to secular equilibrium with 230Th. 

nat' 

sanitary and laundry wastes. 
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Tahle 8.2. Total annual cost increase for reduction of the environmental impact 
of the model 10,000-metric tonlyr SX-F UFg production plant--"low-impurity" feedavb 

NEW MEXICO SITE 

Case 1 Case 2 Case 3 Case 4 
. 

Annual cost increase over base, $ 

Environmental impact 
Maximum annual individual dose at 0 .5  mile 
(800 m) from airborne effluents. mreme 

Total body 
Bone 
Lung 
Kidney 

Annual total population dose out to 55 miles 
( 8 8  km) from airborne effluents. person-reme 

Totai body 
Bone 
Lung 

'Kidney 

Annual individual dose from liquid effluents, 
mrem 

15-cfs (0.4-rn31sec) stream 
Total body 
Bone 

1300-cfs (37-m31sec) river 
Total body 
Bone 

Chemical releases. kgldayf 
Gaseous effluents 

hF 
NO 2 
Hexane 
SO? 
N H 3  

NOg- 
KH,,+ 
F- 
Ca2+ 
Na+ 
K+ 
so+2- 

Liquid effluents 

HCO3- 

Solid waste generated, MTlyrg 
Containing lo-' to lo-' uCi of 230Th/g 
and only slightly soluble 
Containing <lo-$ pCi of 230Th/g and 
only slightly soluble 
Containing uCi of "OTh/g but soluble 

Base 

4.2EOO 
3.9E+1 
2.6E+1 
9.7E00 

7.2E-2 
6.2E-1 
4.2E-1 
1.6E-1 

9.4E-1 
1.4E+1 

1.1E-2 
1.5E-1 

2.4E+1 
2.6E+2 
4.4E+2 
2.7E+1 

1.4E+4 
1.1E+3 
2.7E+1 
2 .OE+3 
1.0E+3 
1.4E+3 
2.4E+? 

1.2E+3 

5.2E+2 

5.91E+5' 

1.4E00 
1.3E+1 
l.lE+l 
4. OEOO 

2.3E-2 
2.1E-1 
2.3E-1 
6.3E-2 

1.4E-5 
2.2E-4 

1.7E-7 
2.7E-6 

4.2E-1 
2.6E+2 
b .4E+2 
2.7E+1 
4.6E+2 

1.8E00 
1.9E00 

3.2E+1 
5 .OE+1 

4.3E+2 

6.OE+2 

2.62E+b 

5.OE-1 
5.7E00 
3. OEOO 
1.3E00 

8.OE-3 
8.8E-2 
4.7E-2 
2.1E-2 

8.4E-1 
1.3E+1 

9.7E-3 
1.3E-1 

4.2E-1 
8.7E+2 
4.4E+2 
2.7E+1 
6.RE+2 

7. 8E00 
4.5E-1 
1. 8E00 
1.9E00 
1.OE+3 
1.3E+2 
2 .OE+2 
2.6E+3 

1.2E+3 

6.0E+2 

3.36E+bd 

2.7E-3 
1.9E-2 
8.OE-2 
2.4E-2 

4.3E-5 
3.OE-4 
2.7E-3 
3.7E-4 

2.9E-1 
5 .  RE+2 
4.4E+2 
2.7E+1 

3 .  OEOO 

1.4E00 
1. /,EO0 

4.6E+3 

9.4E+2 
1.3E+2 

aMid-1973 dollars. 

bPlane feed contains 2800 pci of 230Th and 200 pCi of 22GRa per gram of U nat' 
'Doe6 not include the cost of final disposal of the liquid nitrete waste. 

dDoes not include cost to the mill of changing the plant feed. 
eFive-meter release height: lOOX local food. 

fProcess effluents only; does not include combustion products 

gLong-term hazard defined by 230Th parent since 226Ra Will sradually  row to secular equilibrium with 23o~h. 

heating the plant or operating vehicles, or 
sanitary and laundry wastes. 



Table 8.3. Annual c o s t  f o r  r educ t ion  of dose  from a i r b o r n e  e f f l u e n t s  a t  t h e  
model 10,000-metric t o n l y r  SX-F UFg plant--"low-impurity" feed  

COMBINED AIRBORNE EFFLUENTS ' 

T o t a l  
annua l  c o s t  

i n c r e a s e  over 

Maximum annual  i n d i v i d u a l  dose Annual t o t a l  popu la t ion  dose o u t  t o  
a t  0 .5  m i l e  (mrem)b 55 m i l e s  (person-rem)b 

Case base  T o t a l  T o t a l  
No. ($ looo)a  body Bone Lung Kidney body Bone Lung Kidney 

Base 

255 

617' 

1461d 

Base 

255 

617' 

1461d 

3. OEOO 

1. OEOO 

3.6E-1 

1.9E-3 

4.2E00 

1.4E00 

5.OE-1 

2.7E-3 

Midwestern s i t e  

2.8E+1 1 .8E+1 7. OEOO 

9.4E00 8.4E00 3.  OEOO 

4 .  OEOO 2. OEOO 9.6E-1 

1.4E-2 5.7E-2 1.7E-2 

New Mexico s i t e  

3.9E+1 2.6E+1 9.7E00 

1.3E+1 l . l E + l  4.  OEOO 

5.7E00 3.OE00 1.3E00 

1 . 9 ~ - 2  8.OE-2 2.4E-2 

3.2E00 

1. OEOO 

3.6E-1 

1.7E-3 

7.2E-2 

2.3E-2 

8.OE-3 

4.3E-5 

2.6E+1 

2.5E00 

3.5E00 

1.1E-2 

6.2E-1 

2 .1E-1  

8.8E-2 

3.OE-4 

1.4E+1 

8.6E00 

1.6E00 

8.3E-2 

4.2E-1 

2.3E-1 

4.7E-2 

2.7E-3 

6.5E00 

2.6E00 

8.4E-1 

1.3E-2 

1.6E-1 

6.3E-2 

2 .1E-2  

3.7E-4 

Mid-1973 d o l l a r s .  a 

bFive-meter r e l e a s e  h e i g h t ;  100% l o c a l  food;  p l a n t  feed  c o n t a i n s  2800 pCi of 230Th and 200 p C i  of 
2 2 6 R a  p e r  gram of U 

'Costs do n o t  i nc lude  t h e  primary bag f i l t e r s  on t h e  radwaste d rye r  and drumming, the.  primary bag f i l t e r  
on t h e  ye l low cake feed c a l c i n e r  (used t o  reduce  t h e  ammonium con ten t  i n  t h e  l i q u i d  w a s t e ) ,  o r  t h e  bag 
f i l t e r s  on t h e  l i m e  recovery system; t h e s e  are cons idered  t o  be a p a r t  of t h e  l i q u i d  and s o l i d  was te  
t r ea tmen t  systems. However, c o s t s  do  inc lude  t h e  secondary bag f i l t e r s  on radwaste d ry ing  and drumming 
($120,000) and an a d d i t i o n a l  $17,300 f o r  a l a r g e r  secondary bag f i l t e r  t o  c o l l e c t  uranium ox ide  d u s t s  
because  of t h e  feed c a l c i n e r .  

n a t '  

dCos ts  do no t  i nc lude  t h e  d u s t  c o l l e c t o r s  f o r  t h e  magnesia recovery  system: t h e s e  c o s t s  a r e  cons idered  t o  
be  p a r t  of t h e  l i q u i d  n i t r a t e  waste t rea tment  system. 

I 
w 
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I 



Table 8.3a. Annual cost for reduction of dose from airborne effluents at the 
model 10,000-metric ton/yr SX-F UFg plant--"low-impurity" feed 

PROCESS DUST CONTROL  EFFLUENT^ 

Annual total 
population dose 

Maximum annual individual dose out to 55 miles Total 
annual cost 
increase over at 0.5 mile (mrem)c (person-rem) 

Case base Total Total 
No. ($looo>b body Bone Lung Kidney body Bone 

Base 

198 

216d 

274 

Base 

198 

216d 

2 74 

1.5E00 

2.1E-1 

2. 6E-le 

1.1E-4 

2. lEOO 

2.9E-1 

3. 6E-le 

1.5E-4 

Midwestern site 

1.5E+1 9 .OEOO 

2. lEOO 1.3E00 

2. 5E00e 1. 5E00e 

1.1E-3 6.4E-4 

New Mexico site 

2.1E+1 1.3E+1 

2.9E00 1.8E00 

3. 6E00e 2. 2E00e 

, 1.5E-3 9.1E-4 

3.6E00 

5.OE-1 
e 

6.2E-1 

2.6E-4 

5 .  OEOO 

7.1E-1 

8. 6E-le 

3.6E-4 

1.6E00 

2.1E-1 

2. 7E-le 

1.1E-4 

3.5E-2 

4. BE-3 

5. 9E-3e 

2.5E-6 

lf3E+1 

1.9E00 

2.  3E00e 

9.5E-4 

3.3E-1 

4.6E-2 

5. 6E-Ze 

2.3E-5 

a Process only; does not include dusts generated by the liquid waste treatment systems such as the Case 3 
radwaste drying and drumming, the Case 3 lime recovery system, or the Case 4 magnesia recovery system. 
bMid-1973 dollars. 
'Five-meter release height; 100% local food; plant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra  
per gram of Unat. 
dIncludes an additional $17,300 for a larger secondary bag filter to collect oxide dusts because of the 
yellow cake feed calciner (used to reduce the ammonium content of the liquid waste). 
eIncludes dust from yellow cake feed calciner. 
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T a b l e  8 .3b .  Annual c o s t  f o r  r e d u c t i o n  of  d o s e  f rom a i r b o r n e  e f f l u e n t s . a t  t h e  
model 10 ,000-me t r i c  ton1y.r SX-F UF6 p lan t - - " low- impur i ty"  f e e d  

PROCESS OFF-GAS 

Annual  t o t a l  
T o t a l  p o p u l a t i o n  d o s e  

b Maximum a n n u a l  i n d i v i d u a l  d o s e  o u t  t o  55 m i l e  
( p e r  son-rem) a n n u a l  c o s t  b a t  0 . 5  m i l e  (mrem) i n c r e a s e  o v e r  

Case b a s e  T o t a l  T o t a l  
No. ($1000)  a body Bone Lung Kidney body Bone 

1 Bas e 

2 57 

3 6 8  

4 1 9 0  

1 Base 

2 57 

3 6 8  

4 1 9 0  

9.2E-1 

1 .4E-1  

9.4E-3 

4.2E-6 

1.3E00 

1 .9E-1  

1.3E-2 

5.9E-6 

Midwes tern  s i t e  

7.4E00 5.6E00 

1. l E O O  8.5E-1 

8.4E-2 5.7E-2 

3.8E-5 2.5E-5 

New Mexico s i t e  

l . O E + l  8. OEOO 

1.5E00 1.2E00 

1.2E-1 8.1E-2 

5.3E-5 3.6E-5 

1.9E00 

2.. 8E-1  

2.1E-2 

9.2E-6 

2.6E00 

3.9E-1 

2.9E-2 

1.3E-5 

9.7E-1 

1.5E-1 

-1.4E-2 

4.4E-6 

2 .1E-2  

3.2E-3 

2.2E-4 

9.6E-8 

7 .  l E O O  

1. l E O O  

7 .8E-2  

3.5E-5 

1 .6E-1  

2.4E-2 

1.9E-3 

8.3E-7 

a Mid-1973 d o l l a r s .  

I 
W 
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bFive -me te r  release h e i g h t ;  100% l o c a l  f o o d ;  p l a n t . f e e d  c o n t a i n s  2800 pCi of 230Th and 200 p C i  of 
2 2 6 R a  p e r  gram of  U 

n a t '  



Table 8.3~. Annual cost for reduction of dose from airborne effluents at the 
model 10,000-metric ton/yr SX-F UFg plant--"low-impurity" feed 

BUILDING VENTILATION EFFLUENT 

Annual to tal 
population dose 

Maximum annual individual dose out to 55 miles 
annual cost b (per son-rem) b 
Total 

at 0.5 mile (mrem) increase over 
Case base Total Total 
No. ($1000) a body Bone Lung Kidney body Bone 

Midwestern site 

5.4E00 6.2E-1 1 Base 6.1E-1 5.9E00 3.6E00 1.4E00 

Base 6.1E-1 5.9E00 3.6E00 1.4E00 6.2E-1 5.4E00 

212 5.8E-2 6.6E-1 3.2E-1 1.5E-1 5.8E-2 5.7,~-1 

997 6.OE-4 5.9E-3 3.6E-3 1.4E-1 6.2E-4 5.3E-3 

New Mexico site 

1.3E-1 Base 8.4E-1 8.3E00 5. lEOO 2. OEOO 1.4E-2 

1.3E-1 1.4E-2 Base 8.4E-1 8.3E00 5. lEOO 2. OEOO 

212 8.1E-2 9.3E-1 4.6E-1 2.1E-1 1.3E-3 1.4E-2 

997 8.4E-4 8.3E-3 5.1E-3 2.OE-3 1.6E-5 1.4E-4 

%id-1973 dollars. 

bFive-meter release height; 100% local food; plant feed contains 2800 pCi of 230Th and 200 pCi of 
* 2 6 ~ ,  per gram of u . 

nat 
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Table 8.4a. Incremental cost increase - dose reduction between case studies 
at the model 10,000-metric ton/yr SX-F UFg plant--"low-impurity" feed a 

b PROCESS DUST CONTROL EFFLUENT 

Decrease 
Decrease in in annual Cost/benefit maximum annual dose to 

individual dose population Individual Total population 
at 0.5 mile out io 55 miles at 0.5 mile within 55 miles 

(mr em) (person-rem) ($1OOO/mrem) ($lOOO/person-rem) Increase 
in annual 

Case cost Total Total Total Total 
increment ($1000) body Bone body Bone body Bone body Bone 

Midwestern site 
I 

W 
P 
0 
I 

1.8E+1 112 198 1.3E00 1.3E+1 1.4E+1 1.1E+1 1.5E+2 1.5E+1 1.4E+2 

(Case 3 is not directly comparable) 

1.9E00 3.6E+2 3.6E+1 3.6E+2 4.OE+1 214 76 2.1E-1 2. lEOO 2.1E-1 

New Mexico site 

198 1.8E00 1.8E+1 3.OE-2 2.8E-1 1.1E+2 1.1E+1 6.6E+3 6.1E+2 112 

(Case 3 is not directly comparable) 

214 76 2.9E-1 2.9E00 4.8E-3 4.6E-2 2.6E+2 2.6E+1 1.6E+4 1.6E+3 

1973 dollars; 5-m release height; 100% local food; plant feed contains 2800 pCi of 230Th and 200 pCi 
of 226Ra per gram of U 

a 

nat 
bprocess only; does not include dusts generated by liquid waste treatment systems. 



Table 8.4b. Incremental cost increase - dose reduction between case studies 
at the model 10,000-metric ton/yr SX-F UFg plant--"low-impurity" feeda 

PROCESS OFF-GAS 

Decrease 

maximum annual dose to Costlbenef it Decrease in in annual 

individual dose population Individual Total population 
at 0.5 mile out to 55 miles at 0.5 mile within 55 miles 
(mr em) (person-rem) ($lOOO/mrem) ($lOOO/person-rem) Increase 

in annual 
Case cost Total Total Total Total 

increment ($1000) body Bone body Bone body Bone body Bone 

Midwestern site 

9.5E00 112 56.8 7.8E-1 6.3E00 8.2E-1 6. OEOO 7.3E+1 9. OEOO 

213 11.6 1.3E-1 1. OEOO 1.4E-1 1. OEOO 5.2E+2 1.2E+1 8.5E+1 1.2E+1 

6.9E+1 

314 121.1 9.4E-3 8.4E-2 ,1.4E-2 7.8E-2 1.3E+4 1.4E+3 8.63+3 1.6E+3 

New Mexico site 

112 56.8 1. lEOO 8.5E00 1.8E-2 1.412-1 5.1E+1 1.41300 3.2E+3 4.2E+2 

11.6 1.8E-1 1.4E00 3.OE-3 2.2E-2 6.6E+1 8.4E00 3.9E+3 ' 5.2E+2 213 

314 121.1 1.3E-2. 1.2E-1 2.2E-4 1.9E-3 9.3E+3 1.1E+3 5.5E+5 6.4E+4 

1973 dollars; 5-m release height; 100% local food; plant feed contains 2800 pCi of 230Th and 200 pCi of 
2 2 6 ~  per gram of unat. 
a 



Table 8 . 4 ~ .  Incremental cos t  increase - dose reduction between case s tud ies  
a t  the model 10,000-metric ton/yr SX-F UF6 plant--"low-impurity" feeda 

BUILDING VENTILATION EFFLUENT 

. Decrease 
i n  annual 
dose t o  

Decrease i n  
maximum annual 
individual  dose population Individual  Total  population 

a t  0.5 m i l e  . out t o  55 m i l e s  a t  0.5 m i l e  within 55 m i l e s  
(mr em) (person-rem) ($lOOO/mrem> ($1OOO/per son-rem) Increase 

i n  annual 
Case c0s.t Total  T o t a l .  Tota l  Total  

increment ($1000) body . Bone body Bone body Bone body Bone 

Midwestern s i te  

- - - - - 1 1 2  - - - - 

213 212 5.5E-1 5.2E00 5.6E-1 4.8E00 3.8E+2 4.OE4-1 3.8E+2' 4.4E+1 

314 785 5.7E-2 6.5E-1 5.7E-2 5.6E-1 1.'4E+4 1.2E+3 1.4E+4'  1.4E+3 

New Mexico s i t e  ' 

Costlbenef i t  

I 
w 
P 
N 
I 

- - - - - - - - - , .  
1 1 2  

213 ,212 : 7 i 6E-1 7.4E00 1.3E-2' 1 .2E-1  2.8E+2, , 2.9E+1 1.7E+4 1.8E+3 

314 785 a. OE-2 9.2E-1 1.3E-3 1 .4E-2  3.8E+3 .8.5E+2 6.1E+5. 5.6E+4 

. .  

1973 d o l l a r s ;  5-m release height ;  100% l o c a l  food; plant  feed contains 2800 pCi  of 230Th and 200 p C i  of 
22% per  gram of u 

a 

na t  * 
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Table 8.5. Costs and effectiveness of treating liquid wastes and associated solids at the 
model 10.000-metric ton/yr SX-Y UFg plant--"low-impurity" feeda 

Annual individual Chemicals Leleased (kg/day) 
Total 

annual cost 
increase 
over 

Total 'dose from 
1300-cfs (37-m3/sec) 

river (mrem) 
(including 

other chemicals 
listed in 

Table 4.10) 
base Total - - 

F + ($1000) body Bone N O 3  NH4 NaHC03 

Case 1 -_ 
1.41E+4 1.1E+3 1.3E-1 Liquid nitrate-radwaste treatment Base 9.7E-3 

Fluoride scrubber waste treatment -c Base 1.3E-3 0.2E-1 
Solid radwaste impounded Base 

~- 
Total Base 1.1E-2 1.5E-1 '1.41E+4 1.1E+3 

Case 2 

Liquid nitrate-radwaste treatment 

Solid radwaste impounded Base 
Fluoride scrubber waste treatment 152 

Total &56 

and impoundment 304d ' e 

Case 3 

Liquid nitrate-radwaste treatment 
system for biological denitrifica- 
tion other than drying and drumming 
solid radwaste 1533 
Drying and drumming radwaste solids 
Fluoride scrubber' waste treatment - 152 

Total 2000 

315% 

Case 4 

f f f 

1.7E-7 2.7E-6 

1.7E-7 2.7E-7 f f 

1.8E00 

1. BE00 

Liquid nitrate-radwaste treatment 
system for thermal denitration 
and nitric acid recovery other 
than cementing and drumming solid 
radwas te 1049 + 550h 
Cementing and drumming radwaste 
solids 741i 
Fluoride scrubber waste treatment 111 + 120' - 

9.7E-3 1.3E-1 7.8E00 4.5E-1 3. 7E+3 

1.8E00 1.7E-7 

9.7E-3 1.3E-1 7.8E05 4.5E-1 3.7E+3 1.8E00 

- -  2.7E-6 

3. OEOO - 

Total 1901 + 670h'j - - 3. OEOO - 
1.4E00 

1.4E00 

- 

8.4E+1 

8. 6E+lf 

3. OEOO 

2.8E00 

5.8E00 

aPlant feed contains 2800 pCi of 230Th and 200 pCi of 226Ra. 

bMid-1973 dollars. 

'Base case is a "free" source of calcium ions and a lined settling basin to impound the CaFz. 

dDoes not include cost of final disposal of liquid nitrate waste. 

eCost at New Mexico site is $183,000. 

fPotential for accidental release from nitrate impoundment via dike failure or seepage if the integrity of the liner should fail 

gIncludes primary bag filters, but not secondary bag filters ($120,000) for dryer and drumming station. 

hEstimated additional annual cost to alkaline leach mill operators of producing low-sodium yellow cake feed; this cost is not 
included in the summary tables. 

i Annual cost of drying and drumming Case 4 solid radwaste is $273,000 with primary bag filters or $374,000 with primary and 
secondary bag filters. 

tables this is included in the process off-gas treatment. 

Cost of secondary bag 
filters is included with airborne treatment in Table 8.3. 

'Annuai cost increase of better condensers on the process off-gas,which reduce the fluoride load to waste treatment; in summary 
, 

I 
W 
P 
W 
I 
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T a b l e  8.6. T o t a l .  a n n u a l  c o s t  i n c r e a s e  f o r  r e d u c t i o n  of t h e  e n v i r o n m e n t a l  impecc .  
of t h e  model 1 0 , 0 0 0 - m e t r i c  c o n / y r  SX-F U F t  p r o d u c t i o n  p lan t - -" t i igh- impur icy"  

MIDI*'ESTERN SITE 

Case  1 Case  2 Case  3 Case  4 

Annual c o s t  i n c r e a s e  o v e r  b a s e  

Envi ronmenta l  impact  

Maximum a n n u a l  i n d i v i d u a l  d o s e  a t  0 .5  mile 
(800 rn) from a i r b o r n e  e f f l u e n t s ,  mrerne 

T o t a l  body 
Bone 
Lung 
Kidney 

Annual tocal p o p u l n t i o n  d o s e  out t o  55 m i l e s  
(88 km) from a i r b o r n e  e f f l u e n t s ,  person-reme 

T o t a l  body 
Bone 
Lung 
Kidney 

Annual i n d i v i d u a l  d o s e  irom l i q u i d  e f f l u e n t s ,  
rnrem 

15-cfs (0.4-m3/sec) s c r e a m  
T o t a l  body 
Bone 

1300-cfs (37-m3/sec) r i v e r  
Total body 
Bone 

Chemica l  r e l e a s e s ,  k g l d a y f  

Gaseous  e f f l u e n t s  
HF 
NO? 
Hexane 
so2 
NH3 

L i q u i d  e f f l u e n t s  
NO - 

F- 
ca'+ 
Nn+ 
K+ 
SOb2- 
HCO3- 

NH,? 

S o l i d  v a s t e  E e n e r a t e d ,  MT/yrg 

C o n t a i n i n g  lo-'  t o  u C i  of 230Th/g  
and o n l y  s l i g h t l y  s o l u b l e  
C o n t a i n i n g  u C i  of 230Th/g  and  
o n l y  s l i g h t l y  s o l u b l e  

. C o n t a i n i n g  i i C i  of "30Th/g b u t  s o l u b l e  

Base 

4. OEOO 
5.3E+l 
2.3E+1 
1.2E+1 

3. BE00 
4.4E+1 
1.9E+1 
I .  1E+1 

1.5E00 
3.7E+1 

I .  8E-2 
3.2E-1 

1.4E+4 
1.1E+3 
2.7E+1 
2.OE+3 
1 .OE+3 
1.4E+3 
2.4E+2 

$7.12E+5' 

I .  8E00 
2.1E+I 
2.8E+1 
l.OE+l 

1.6E00 
1.7E+1 
3.8E+1 
7.9E00 

1.4E-5 
2.5E-4 

1. BE-7 
3.OE-6 

4.2E-1 
2.6E+2 
4,4E+2 
2.7E+1 
4.6E+2 

1.8E00 
1.9E00 

4.3E+2 

6.OE+2 

$2.628+6 

7.1E-1 
1.2E+1 
3.4E00 
2.6E00 

6.1E-1 
9.2E00 
2.9E00 
2 .  OEOO 

1.5E00 
3.6E+1 

1.8E-2 
3.1E-1 

4.2E-1 
8.7E+2 
4.4E+2 
2,7E+1 
6.8E+2 

7.8E00 
4.5E-1 
1.8E00 
1.9E00 

2.98+2 
2.6E+3 

I .  3E+3 

6.OE+2 

4.7E-2 
2.8E-1 
1 .  i E O O  
5.4E-1 

4.2E-2 
2.2E-1 
1. lEOO 
3.9E-1 

2.9E-1 
5.8E+2 
4.4E+2 
2.7E+1 

3. OEOO 

1.4E00 
1.4E00 

aMid-1973 d o l l a r s .  

b p l a n c  f e e d  c o n t a i n s  14,200 pCi of  230Th and  1600 pCi of  226Ra p e r  g r a m  of U 

'Does n o t  i n c l u d e  c h e  c o s t  o f  f i n a l  d i s p o s a l  of t h e  l i q u i d  n i t r a t e  w a s t e .  

dDoes n o t  i n c l u d e  c o s t  t o  t h e  m i l l  of c h a n g i n g  che  p l a n t  f e e d .  

eFive-mecer r e l e a s e  h e i g h t ;  100% l o c a l  f o o d .  

f P r o c e s s  e f f l u e n t s  o n l y ;  d o e s  not  i n c l u d e  c o m b u s t i o n  p r o d u c t s  from h e a t i n g  t h e  p l a n t  o r  o p e r a t i n g  v e h i c l e s ,  01 

gLong-cerm h a z a r d  d e f i n e d  by  2'30Th p a r e n t  s i n c e  2 2 6 R a  w i l l  g r a d u a l l y  grow t o  s e c u l a r  e q u i l i b r i u m  w i t h  230Th.  

n a t '  

s a n i t a r y  and l a u n d r y  w a s t e s .  
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Table 8.7. Total annual cost  increase Cor reduction of the environmental impact 
of the model 10,000-metric ton/yr SX-F UFg production plant--"high-impurity" feedasb 

NEW MEXICO SITE 

Case 1 Case 2 Case 3 Case 4 

Annual COSC increase over base Base $5.91E+5' $2.628+6 S3.36E+6d 

Environmencal impact 

Maximum annual individual dose at 0.5 mile 
(800 m) from airborne effluents, mreme 

Total body 
Bone 
Lung 
.Kidney 

5.6E00 
7.5E+1 
3.3E+1 
1.8E+I 

2 .  OEOO 
2.9E+1 . 
3.4E+1 
1.3E+1 

1.OE00 6.7E-2 
1.7E+1 4.OE-1 
4.8E00 1.6E00 
3.6E00 7.8E-1 

Annual cotal population dose out to 55 miles 
(88 km) from airborne effluents, person-reme 

Total body 
Bone 
Lung 
Kidney 

Annual individual dose from liquid effluents, 
mrem 

15-cfs (0.4-m3/sec) stream 
Total body 
Bone 

Total body 
Bone 

I~OO-CTS (37-m3/sec) river 

Chemical releases, kg/dayf 
Caseous effluents 

HF 

Hexane 
NO? 

so2 
NH 3 

NO) 

F- 
Caz+ 
Na+ 
K+ 

HC03 

Liquid-effluents 

Mf, + 

soh 2; 

Solid waste generated, KT/yrg 
Containing IO-' to IO-* uCi of 230Th/g 
and only slightly soluble 
Containing <lo-, uCi of "OTh/g and 
only slighcly soluble 
Containing <lo-' uCi of 230Th/g but soluble 

8.8E-2 
1.2E00 
5.5E-1 
2.7E-1 

3.7E-2 
&.&E-1 
9.9E-1 
2.OE-1 

1.4E-2 
2.5E-1 
8.5E-2 
5.5E-2 

1.1E-3 
6.28-3 
3.5E-2 
1.2E-2 

1.5E00 1.4E-5 1.5E00 
3.7E+1 2.5E-4 3.6E+1 

1.8E-2 1.8E-7 1.8E-2 
3.2E-1 3.OE-6 3.1E-1 

1. 3E+3 

5.2E+2 

4.2E-1 
2.6E+2 
4.4E+2 
2.7E+1 
4.6E+2 

1.8E00 
1.9E00 

4 .  2E-1 
8.7E+2 
4,4E+2 
2.7E+1 
6. RE+2 

7.8E00 
4.5E-1 
1. BE00 
1.9E00 
1.OE+3 
1.3E+2 
2.9E+2 
2.6E+3 

1.3E-3 

6.OE+Z 

2.9E-1 
5.8E+2 
4.4E+2 
2.7E+1 

3.OE00 

1.4E00 
1.4E00 

aMid-1973 dollars 
bPlant feed contains 14,200 pCi of 230Th and 1600 pCi of 226Ra per g r a m  of Unat. 
'Does not include the cost of final disposal of the liquid nitrate waste. 
dDoes noc include cost to the mill of changing the plant feed. 

eFive-meter release height: 100% local food. 
fProcess effluents only: does nor include combustion products from heating the plant or operacing vehicles. or 

gLong-cerm hazard defined by 230Th parent since 226Ra will gradually grow to secular equilibrium with ')OTh. 
sanitary and laundry wastes. 
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Pig. 4.2. Simplified flow diagram for the SX-I? process. 
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Fig .  4.2 .  Uranium r e f i n i n g  system f o r  t h e  model SX-F uF6 plant .  
showing Case 1 of f-gas t rea tment .  
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Fig .  4 . 3 .  Conversion of- 'UO3 t o  UF4 systems f o r  t h e  model SX-F uF6 
p l a n t  showing Case 1 off-gas t rea tment .  



ORNL-DWG 78.2466 

L i a u t o  HF 
S T O R A G E  

A I R B O R N E  
HF 

w F p .  HF 
TO F L U O R I N A T I O N  

HF F2 
VAPORIZER CELLS 

H20 V E N T U R I  
SCRUBBER-CONDENSER 

WASTE 

F-l B U R N E R  

I 
W 
N 
N 
I 

Fig .  4.4. Fluor ine  p roduc t ion  system €or  t h e  model UFg p l a n t  
showing Case 1 hydrogen of€-gas  t reatment .  
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F i g .  4.5. Process and radwaste. dust control e f f luent  treatment 
systems for the model SX-F UF6 plant - Cases 1-4. 
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Fig .  4.7. Model solvent extraction and solvent treatment systems 
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Fig .  4.10. Hydro f luo r ina t ion  of f -gas  t r ea tmen t  system f o r  - the  model 
SX-F UFg p l a n t  - Case 4 .  
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-Fig. .  4.14. Case 1 system for treating solvent extractton wastes - 
radwaste impounded; n i trate  released. (Codes are €or Tables 4.28 and 4 . 2 9 . )  
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-Fig. 4.15. Czse 2 system €or  t r e a t i n g  s o l v e n t  e x t r a c t i o n  wastes - 
radwaste and n i t r a t e  impounded. 
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Fig. 4.16. S impl i f i ed  flow diagram €or t h e  Case 3 s o l v e n t  
e x t r a c t i o n  was te  t r ea tmen t  systems. 
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Fig. 4.18; Case 3 systems for biological nitrification and 
denitrification. (Codes are for Table 4.33..) 
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Fig. 4.19. Case 3 systems f o r  treating the solvent, extraction 
wastes - l i m e  recovery and biomass incineration. (Codes are f o r  Table 4.34.) 
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Fig. 4.21. Case 4 systems for treating the solvent extraction 
raffinate - radwaste precipitation and cementing; ammonia recovery; and 
chemwaste precipitation. (Codes are for Table 4.35.) 
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Fig. 4.23. Nitrate concentration system for surplus.weak.acids - 
Case 4 .  (Codes are. for Table 4 . 3 7 . )  
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Case 4 .  (Codes are for Table 4 . 3 9 . )  
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Fig.  4.25. Magnesia recovery system f o r  treating solvent extraction 
wastes - Case 4. (Codes are fo r  Table 4.40.) 
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H20 FLUORIDE SCRUBBERS CalOH)Z. 
H20 HI% 

I I HYDROFLUORINATION 

Fig .... 4.27. Treatment system for water f luoride scrubber liquors - 
Cases 2 and 3. (Flows are given i n  Table 4.41. Case 4 i s  s imilar except  that 

-the,.only -waste to  .b2 treated i s  stream 7L from. the f luorine c e l l s . )  
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. Fig. 4.28. Potassium hydroxide regeneration system f o r  f luoride 
scrubber liquors - Cases 2-4. (E1,ows are given i n  Table 4.41.)  



ORNL-DWG 78-2474 

YELLOW 

BaCO, A$(SO,), 
(RADIUM (RADIUM 

Ca(OH12 REMOVAL) REMOVAL) 

1 
I 

--- 

RAOWASTE RAOWASTE STORE0 
CaS04.2H20, AI(OH), 

U. Ra, Th 

HNO, SOLVENT RAFFINATE 

NITRATE 1 WASTE 

CAKE - DISSOLVER - EXTRACTORS AOUEOUS 2R 
FEE0 

+ 
SOLVENT 
TREATMENT NaN03 U 

SURPLUS 
WEAK 
HNO, 

L i a u i o  RELEASE 

FLUORIDE Ca(N03)? NH4N03 
EOUALIZATION SETTLING NaNO,, KNOj 

BASIN RAOIOACTIVE MATERIALS 

HYOROFLUORINATION 
SCRUBBER 

1 
t 

CaFz STORE0 

J - SEWAGE 1 
I TREATMENT 
L----J 

FLUORINE CELL 
SCRUBBER 

FLUORINATION 
SCRUBBER 

MISC. WASTES 
SANITARY 
LAUNDRY 
LABORATORY DRAINS 

I 
W 
P 
4 
I 

F i g .  4.29. Summary of Case 1 l i q u i d  radwaste-chemwaste treatment 
systems for the model  SX-F UF6 plant. 
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F i g .  4.31. Summary of Case 3 liquid radwaste-chemwaste treatment 
systems for the model SX-F UF6 plant. 
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Fig. 4 . 3 2 .  Summary of Case 4 liquid radwaste-chemwaste treatment 
systems for the model SX-F UFfj plant. 
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