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9.0 CHEMICAL PROCESSES FOR FISSION FRODUCT
CONCENTRATION, REMOVAL OR FIXATION

9.1 Introduction

Several general observations serve to define the perspective in which
all waste processes should be viewed.

It is a sallent fact that no p:ocegs for the concentration, fixation,
isolation, or use of radiocactive fission products is a means of permanent
disposal or management of wastes, as is so frequently claimed in both the
scientific literature and the general press. A chemlcal or physical tech-
nique cannot be more than one of a series of- steps leadlng to ultimate dis-
posal., The removal of cesium and strontmum may simplify handling of gross
wastes, but the isolated fissipn product concentrate, as well as the gross
wastes, must still find a safe grave, one that receives perpetual care for
a millennium. In fact, certain of the heavy elements such as plutonium,

americium and curium demand attention, by virtue of their long half-lives,‘ e

for periods of time that extend far beyond the millenary period. No proc=-
essing method for radiocactive waste is an end in itself.

This leads us to the statement of a self-evident truth: radiocactive
isotopes can be removed from nature only by their natural decay, except
through artifiecial transmutation in a nuclear reéactor. or particle accelera~
tor. These methods are-econcmically imprectical. A curie of Sr90 would
require about 10 -4 grams of neutrons to change it to sr9l, which would
decay through Y9 to stable ngl The cost of these neutrons would be
about two dollars. This is equivalent to about $40 per gallgn of process
waste, exclusive of all .charges for separation and fébricatipn of Sr intoA'
form suitable for irra&iation; All that can be accomplished by waste disw
posal\techniques is to provide a relatively safe place and form in which
radionuclides can decay. It follows that since many of the fission products
have short half-lives, it is entirely feasible po{allcw them to disappear
from nature by decay before ény,processing is undertaken. Storage to allow
for decay before ultimate disposal must always be considered as a first
step and constantly effective part of the processing complex.
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The high-level aqueous raffinate streéms, which will be the raw material
for waste treatmént, have always been regarded as difficult to process. The
volumes of these streams are approximately the same as the feed streams con-
taining fissionable and fertile material in the radlochemlcal processing
plant. They are conteminated with reagents introduced in the chemical proc-
ess. The;fission:produots generate appfeciable quantities of heat during
decay, sufficient to cause boiling or to require external cooling for many
years. This heat is sufficient to cause a cooling problem in the handling
of any solids produced as a product of waste processing. Solids are more
difficult to handle than any other form of radiocactive material - in process,
in isolation, and in packaging.

Problems of contaimment of wastes in any form must take into account
long~term chemical effects such as gradual precipitation of components of
lnquid waste solutions, long—term.corr051on, ete.. From a philosophical
point of view the processing of radioactive'wastes will be inherently more
difficult than recovery and decontamination of uranium, plutonium and tho-
rium. The products of waste pfocessing will become increasingly higher in
specific activity rather than becoming less active as da the pfddncts of
fisslonable and fertile matermal separation.

One further restrlctlon that will be a factor in determining the appli-
cability of any waste process 1s that of economy. Most waste processing
proposais apﬁear,'aﬁ first glancé, to be rélatively oostly, possibly too
high to permit ‘the production of- electricity at 8 mills per kmh, (see Section
'lO 0).

However, all JOf these pessimistic statements do not deny the necessity
and de51rabllity of studying processing methods. They serve to point out
difficulties and do not define an impossibility.

9.2 Summary of Waste Processes /

Processes for chemically or physically treating liquid’wasteé can be
~ divided according to their purpose, as follows:



1. Processes for the recovery and isolation of fission products for use.
The degree of recovery for this purpose is determined by re-

covery cost vs, sale price of fission product activity recovered.

2. Processes for the separation of fission products or heavy elements
from water and inactive salts which make up most of the waste volune.
Water and salts can be discharged to the enviromment if they
are freed of radioactivity.(The definition of how "free" the dis-
charge must be is a problem in itself.) To accoﬁ@lish this, the
degree of removal must be very high. It is necessary to remove

90 ., 137 Am?ul

specific radiocactive nuclides such as . Sr s Cs 77, ", the
several plutonium isotopes and - Gm 2k2 (in decreasing order of rela-
tive hiazard, as defined in Section 5.0). Thus, the long-term
‘hazard of the total waste stream can be reduced, making it safer

to dlscharge these materials directly to the environment.

3. Processes for treating whole wastes that produce a product which
is disposable to some isolated part of the enviromment.
An example. of this is & solid containing mixed fission

products.

We have sorted chemlcal Processes in the wasté literature into the
above categorles in Figure 1. Many of- ‘the processes can be used in a varlety
of combinations with others. They can precedevand be coupled with processes
~for ultimate disposal described in Secfion 8.0.

The Reference IList at theAend of this section should be used in con-
jﬁnction with Figure 1. References are provided to the original work of a
great number of investigators from which more specific information can be
obtalned.

9.3 Concept of a Multipurpose Waste Processing Facility

The variety of high level wastes, illustrated by the estimates made in
Tables 7 and 8 of Section 3.3, may be discharged from each of the large

chemical plants serving a nuclear power industry. ' Some wastes will more
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PRELIMINARY TECHNIQUES

Commeats: 1. Most wostes will use some or oll of
the steps below.

Decay Cooling
Basic Data in ORNL.-2127
This report Figure 14, Section 4.0

Evaporation :
1. With external heat (1-5)
2. Self-concentration

Neutralization of Acids

General Note: See Reference List ot the end of
Section 9.0 for source reports,

'Y

FIGURE 1. PROCESSES FOR WASTE TREATMENT AND FP RECOVERY

PROCESSES FOR RECOVERY OF USABLE
FISSION PRODUCTS

Comments: 1. Fission product separation factor
from bulk woste usuclly low, de-
termined by ecanomics.

2. Both fission product and bulk waste

must be retained,

3. lIsoloted fission products must be
disposed of after period of useful-
ness,

Most of these techniques can be

extended for high separation factors.

&
b

Precipitation-Crystollization Methods
1. Ammonium alum co-crystallization for Cs
2. Hydroxide precipitation of rare earths
3. $:%% by carbonate precipitation
4, Ruthenium by Fe(OH), scavenge ot pH 2.5,
volatization of RuO,
Ferrous sulfide, ferrous hydroxide, calcium
phosphate precipitation of Cs, rare earths,
Sr and Ry .
6. Cs precipitation with silicotungstic acid
7. Ferrocyanide precipitation of Cs and S
8. M0, precipitation of Ry
9. Precipitation of ceric pyro-phosphate
10; Tetropheny! arsonium nitrate precipitation of
technicium
11, Rare earth oxylate precipitation
12, Cone, HNO, crystallization for alkaline earths
13, 12N HC erystallization of BaCl, ~~
14, MnQ, precipitation for Zr-Nb
15, Phosphotungstic acid precipitation of Cs
18, Electrodeposition of Ru
17, Removal of Ba as BaCrO,

5

by

.

lon Exchange~Cotion, Anion
1. Diban Process for Cs-Sr removal from alka-
R line wastes
2. Other separations possible
3. Cation exchange for Ba

Absorption or Adsorption on Inorgonic Materials
1. Silico gel selective adsorption of Zr-Nb
2. Inorganic ion exchange using ZrPO,, Zr0,

Solvent Extraction for FP Removal
1. Teibutyl phosphate extraction for Ce, Rare
Earths, ond Zr )

PROCESSES FOR THE SEPARATION OF FISSION
PRODUCTS AND INACTIVE CONSTITUENTS

Comments: 1. Fission products must be seporoted
with factor of 10% 1o 10% from bulk
wastes; determined by hazard

2, Objective usually to provide water or
bulk wastes sufficiently free of
activity for discharge into streams,
pits, or relatively cheap storage

Some processes proposed to remove

highly corrosive anions from waste

3

4, Moy be used in conjunction with «

processes of previous category

Removal of Inactive Salts, Concentration of FP -
Bearing Liguor
1. AI(NO,), crystallization with HNO,
2. AlNG,); removal through cation membrane
in electrolytic celil

Evaporation and Calcination followed by Leaching
1. AlNOQ,)g screw calciner
. 2. Fluidized bed calcination of AI{NO,}, wastes
and leach

Solvent Extraction for Specific Fission and Heavy
Element Removal

ton Exchange for Specific FP Removol

Precipitation of Fis;ion Products at Elevated
Temperature and Pressure

PROCESSES FOR TREATING WHOLE WASTE TO
OBTAIN A PRODUCT FORM SUITABLE FOR
UL TIMATE DISPOSAL, PARTICULARLY
SOLID PREPARATION

Comments: 1. These processes may use waostes
directly from rodischemical plant;
may start after period of decuy; or
moy follow any of the preceding
steps in the preceding categories,

2. Objective is usuolly to produce a
fission product bearing solid in
which radioactivity is chemically
fixed or isolated physically,

3. If wastes can be discharged in dry
strate, freotment could consist of
vemoval of precipitate formers.

Caleination, Leaching, Packaging as Solid
1. Screw calciner .
2. Fluidized bed calcination

Adsorption ond Absorption on Naturally Occurring
Minerals
1. Adsorption on Montmorillonite clay
2. lon Exchange capacity of shale
3. Survey work on others

Fixation of Activity ofter Mixing Woste and Minerals
1. Nepheline syenite
2. Casting in concrete
3. Synthetic feldspars
4, Sintering (and self-sintering in shales)
5. Fixing in glasses



readily fit certain waste processing schemes than others; some may be best
allowed to decay for an extended period of time; others may best go directly
to ultimate disposal. It is_reasonably gertain that a’singlé radiochemical
plant must utilize chemical processes that will recover fuels from many re-
actors if reprocessing costs are to be’kept low. The large central multi-
purpose reprocessing plant is probably an economic necessity.

This cbncept of a multipurpose fuel reprocessing plant can be extended
10 cover waste disposal processes. A multipurpose waste processing plant,
in vhich most or all techniques shown in Pigure 1 can be performed, will be
a necessary companion to the multipurpose chemical plant. Although the chem-
istry differs in meny of the listed processes, the equipment in which the
chemiétry is accomplished is simple, i.e., the ﬁnit operations are the same
Thus, a waste dlsposal unit for high level waste in any chemical plant could
include prov151ons for any of the processes shown.

9.k Details of Séme of theAWaste Processes

Some of the processes listed in the summary in Figure 1 have received
more developmznt than others. To supplement the general sectlon, we include
a summary of those processes on which we have found the most information.

© 9.41 Evaporation

If corrosion and solubilities permit, it is usually economic to evapo-
rate waste prior to‘tank storage.

Since condensate decontamination factors of 108 - 1012 may be required
in the evaporatioh of high level waste,Aa ﬁajor design problgm.is limitation
of the carry-over of activity into the condensate by entrainment, splashing
and foaming. Caution must also be exercised to guard against volafilizing'
appreciable quantities of fission products.

Table 1 indicates the effect of boilup rate and percent freeboard on
condensate decontamination. _

If large volume reductions are desired, evaporation may have to be con-
ducted-with.atrong acid solutions or slurries, or both. Tables 2 and 3 show
some performance data from four evaporator installations. ’



Table 1

WASTE EVAPORATCR TEST

(Stmulated High Activity Waste, 10° p cts/min/ml in fot)

+

Boilup Rate in Pot % Freeboard Pot Decontamination
- 1b/hr/£%2 - : o - Factor (L/V)
T | , 175 9.5 x 105
125 9.3 x 105
80-90 | 175 7.8 x 103
205 2.2.x 10" -
125 ~T x 105 B
ns-125 | 175 ko x 103

225 1.7 ¥.10




41

- Table 2

EVAPORATOR AND DEENTRAINER PERFORMANCE

Unit

Boilup, 1b/hr/ft?

Decontamination Factor
(Pot to Condensate)

Volume Reduction Factor
Concentrate, % Solids

Vapor-Filtration Forced Circulation Double
Vapor-~Compression Flash-Type Effect with
Cycdone Separator L4 Bubble-cap Trays Reflux

87 - - 20
6x 100 107 5.5 x 10°
33 350 | -
60 70 0.2
Table 3

INTERMEDIATE-LEVEL WASTE EVAPORATOR PERFCRMANCE

Design

Throughput :
Meintenance:

QOperation
fhroughput:

Feed:

Concentration:
Condensate D.F.:

300 gph evaporated
direct

250-600 gph evaporated
1% 10° x5 x 10° B c/m/ml
pH 10-11

5-25 Fold to 50-75% solids
1000

-
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Evaporation of waste is basically a technique of volume reduction per-
formed for the purpose of decreasing the cost of succeeding treatment or dis-
posal steps.

9.42 Precipitation Processes for Fission Product
‘Recovery from High-Ievel Aqueous Systems

Removal of the fission products from radiochemical process effluents
is desirable and/or necessary for both economic and safety reasons. The
present discussion will deal primarily with removal of fission products from
the high-level aqueous effluents. )

A reduction of over-all waste storage and disposal costs represents
the prime long-range chjective for development of processes for fission
product recovefy and concentration. Removal and concentration prior to .
cooling of the aqueous effluents would be dedicated to the simplification of
large-volume storége systems, and perhaps to the availebility of short-lived,
high-energy concentrates of fission product radiations. Subsequent to long
periods (one to five years) of cocling, such removal snd concentration would
have the purpose of simplifying the ultimate disposal problems, end perhaps

920 ona ¢, m

of providing useful long-lived radiation sources, e.g. Sr
either case, it may be suggested that a prime objective would be the safe
containment of the several hazardous fission product elements, in a physical
state and volume most aménable to human surveillance and control.
Development efforts {o-date in fission product separations processes
have been directed mainly to specific problems facing exisfing radiochemical
plants and sites where relatively simple reactor fuel elements of uranium
and aluminum are being processed. Most of such chemistry and technology
will be of invaluable assistance in finding the answers to problems of future
radiochemical wastes. It is antic¢ipated that the higher-burned fuels and
more’ complicated fuel element compositions (stainless steels, zirconium,
ceramincs, etc.) in power reactor systems will dictate quite severe nev

problems in both the fuel recovery and waste treatment. The choice of future

T



fission product recovery and concéntration schemes will nevertheless probably
include one or more of the.geneial\techniques described briefly in the fol-
lowing review of present processes.

Although attention has been given to chemical processes for meny fission
products, it will be noted that primary efforits have been directed to recovery

137 90

of long-lived Cs and Sr”°, vhich are the most feared radioactive hazards,

as well as the most desired products for commercial radiation sources.

1., FISSION PRODUCT RECOVERY AND ISOLATTON:
ORNL- RADIOISOTOPES DEPARTMENT

Perhaps the most highly developed and production~£ésted separations
processes to date are those attained by the Radioisotope Departme£t of the
Operations Division at Cak Ridge National Iaboratory. Aqueous solutions
providing feed to such processes are primarily: 1) alkaline, highly salted
effluents from the diverse chemical processes employed in the research and
development facilities, and 2) nitric acid waste effluents from fuel re-
covery operations closely simulating conditions of the Purex process.

CESIUM CO~-CRYSTALLIZATION WITH‘AMMONIUM.ALUM

- Alkaline, highly salted supernatants remaining from the precipitation
of sodium diuranate are neutralized With sulfuric acid and adjusted to a
DH of approximately 4.5. Amonium alum, (N, ),A1,(S0,),, is added to its
solubllity limit at about 8000, then cooled to room temperature to recrys-
tallize the hydrated alum and to;co-crystallize the traces of CseAlé(Soh)ht
2k HQO. Such a co-crystallization, capable of 99% 03137 removal, is
possible because the heavier alkali ions form decreasingly soluble alums.
By virtue of this, crops of ammonium alum crystals may be redissolved and
recrystallized in successive batches of the feeds to effect progressively
higher concentrations of,Csl37 in the final crystal beds. . When losses to
the decanted supernatant liquors become significant, the crystals are re-
dissolved in water and trénsferred to smaller vessels. Successively

A
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smaller batches of crystals are grown to get the cesium into progressively
smaller4volumes of liquid. If enough cesium is accumulated, pure cesium
alum may be crystallized ihla final step. By proper recycle of crystals,
and countercurrent arrangements of the various recrystalliiation stages y
highly efficient separations and concentfations may be accomplished in the
two end-streams of a production operation. Procedures are readily adaptable

© to remote control and very large-scale operations.

Following attaimment of the cesium alum concentrate; the aluminum is
:emoved‘as the granular hydroxide, by the smmonia gas technique, providing
a.highly concentrated filtrate which contains cesium and"ammonium sulfates.
The latter is then transferred to a source fabrication-plant where the sul-
fate is removed on an anion exchange resin. An eluate of ‘cesium hydroxide
an@.ammonium‘hyd;oxdde is treated for ammonia removal by diétillation,'then
neutralized with HC1l to form cesium chlofide, vhich is finally takenito dry-
ness at 460°C. A cesium chloride pellet is produced under hydraulic pres-
sure at 20,000 psi in the preparation of a radiation source. |

The above process can be readily adapted to Redox-~-type wastes, and even

more efficiently to nitric acid waste concentrates from the‘Purex process.

A multikilocurie fission product plant now nearing completion-will employ
vsuch waste solutions as feeds to its cesium recovery units..

STRONTIUM AND RARE-EARTH REMOVAL

Processes for strontium and rare-earth removal may be adapted to
follow the cesium~ammonium alum procedure. The main separation of the rare
earths from the Srgo is initially accomplished by ammonia ges precipitation
of the rare- earths as hydroxides in a carbonate-free alkaline medium. 90
and other alkaline earths are subsequently removed as carbonates by bubbling
carbon dioxide 1nto the alkaline. solution.. The carbonates are then converted
to sulfates, oxides or- fluorides for source preparations, or for containment.
Anhydrous strontium fluoride may be poured into a thin-walled nickel tube
and fused at 1190°C into a glass-like mass, providiﬁg a suitable beta-radi-
ation deviée. Rare-earth gources can be similarly prepared.

A



RUTHENIUM REMOVAL

Precipitation of iron hydroxides at about pH 2.5 to 4.0 was found to
carry 80-95% of the ruthenium fission products (Rulo3, Ru106) from the
wastes. This method has been employed both as a method for removing iron
and for concentrating the ruthenium. Isolation of the latter is then ac-
complished by oxidation to theAtetrpxide;4BuOu, a,volatilé‘compound which
is readily distilled from acidic solutions of the iron carrier at about
100°C. The distilled product may then be collected and reduced to lower

oxides, chlorides, or other salts as desired for radiation sources.

PROCESS FOR NEUTRALIZED PUREX WASTE

When Purex wastes, which do not contain coating solution waste (Al
bearing) are processed, the following modified procedure is used:

1) The pH is adjusted to 3 resulting in the precipitation of Fe

V and most of the Ru. ‘

2) Then NH3 and NaECC% are added in steps and the pH adjusted to
8 to precipitate rare-earths and strontium. (This procedure
and the purification steps which follow are similar to those

given above for the general process.)

3) The Cs is removed last by crystallization with (Nﬁﬂ)EAlz(soh)h‘

2. FISSION PRODUCT RECOVERY FROM HANFORD
— AQUEOUS WASTE SOLUTIONS

The following procedures or processes have been developed to permit
recovery of cesium, strontium, and rare-earth fission products from Purex
(and perhaps Redox) process agqueous effluents, i.e. primarily nitric acid
concentrates fromevaporation of wastes in the first cycle of,ﬁhe extraction
proceés. A typical waste solution has a compositioﬁ of approximately 7.6
M HNOB, 0.05 M Fee(SOh)B, 0.02 M UOQ(ANOB)Q,V 0.k M NaNO3, 0.05 M Na,S0, ,
and 3 g/l fission product salts. The cesium concentration would be about
0.0006 M. Processes have been developed‘through tracer-level scouting
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studies and further tested for use with full act1vity~level plant waste
solutlons.

STRONTIUM, GROSS FISSION PRODUCT, AND URANIUM REMOVAL

The typical acidic feed solution may be neutralized with 50% sodium .
hydroxide and adjusted to pH 12 to precipitate the iron as ferric hydroxide.
This precipitate carries about 5% of the cesium, 70% of the ruthenium, about
100% of the uranium as sodium diuranate; and about 100% of the remaining
fission products. Centrifugation and water washing of the preéipitate then
provides a gross fission product concentrate for storage in a volume about
0.1 the initial feed volume, The supernatant is then treated by the ferro-
cyanide technique to remove the cesium in a relatively pure state.

An alternéte process employs precipitations at controlled‘pH“to separate
fission product groups. Partial neutralization by slow additién of gaéeous
ammonia to pH 2-k4 preclpltates the iron, which carries most of the zirconium
and niobium f1351on products. The supernatant is further neutrallzed with
excess caustic to precipitate sodium diuranate, which carries the strontium
and rare-earth fission products. Finally, this supernatant is then treated
for cesium removal by féffocyanide scavenging precipitation. The dissolﬁed
precipitates are then amenable to small-scale chémical operations foﬁ sepa-

ration and isolation of the individual fission products.

CESTUM SCAVENGING BY FERROCYANIDES

Several metal ferri- and fefrocyanides have been investigated as co=-

oZn Fe(CN)6) from neutralized wastes.

Metal ions such as Zn+2, N1+2, Fe+3, C s Cd+2 Fe+2, and Mh*? were studied

at concéhtrations of about 0.000l.g'to 0.005 M in solutions gapging from
25 M HNO3 to PH's > 10. At pH h‘ with a slight excess of ferrocyanide, it
was found that 0.0002 M 70™® ‘and 0. 005 M M2 . provided equivalent (95% cesium

recovery) product yields, indicating the former as most desirable on the
137

precipitants for cesium (e.g. as Cs

basis of relative precipitate volumes and specifzc activity of the Cs

. product. Equivalent concentration requirements for other ions, in the order
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listed above, were determined to be intermediate between the two. The Ni+2

ferrocyanide was almost equally effective in the wide acid range of pH 10 to
5 M HNO3. The Zn+2 was most effective'from pH 1 to pH 8. Oxalate and car-
bonate ions were determined as appreciable interferences. After addition of
the ferrocyanide and the metal ions; the precipitates are formed during a
digestion period of about one hour and then centrifuged. The précipitate
volume is 0.0l to 0.001 that of the feed solution, permitting small-scale
Qperatiohs in subsequent cesium isolation processes.

Steps for cesium isolation and source preparations from the precipitated
products have not been thoroughly demonstrated. It is desirable to convert
the ferroc&anide to some simpler material, such aé cesium chloride, td per-

mit further steps of decontamination from impurities and of concentration'

- for packaging as a source. Calcining in air at about 550°C, followed by

water leaching, was found to permit separations from iron and zine. The
leach solution may then be acidified with hydrochloric acid and evaporated
to yield relatively pure cesium-chloride.

REMOVAL OF CESIUM AND STRONTIUM FROM WASTE SOLUTIONS

A process based on carrier precipitétion has been developed at Hanford
for the purpose of reducing the cesium and strontium.content of intermediate-
and low-level wastes to an extent sufficient to permit disﬁosal to the grqﬁnd.
The process was developed as an economical method of treating large volumes
of aqueous process wastes in existing mild steel equipment and utilizes nick-
el ferrocyanide énd strontium phosphate as scavengers for cesium and radié-
strontium; respectively.

The acidic wastes as . -produced are first made 0,005 molar in sodium fer-
rocyanide and 0.004 M in strontium nitrate. The waste is then made 0.005 M
in nickel sulfate and the pH is adjusted to 9.5 + 0.5 with sodium hydroxide.
Phosphate, normally present in the waste, causes precipitation of strontium.
Following a digestion period of about one hour the alkaline waste is trans-
ferred to large underground tanks where the precipitatés are allowed to

settle out. Under normal circumstances the concentrations of cesium and
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strontium in the supernatant liquid will have been reduced from 20-100 mi-

.crocuries per milliliter (uc/ml) to less than 0.1 pc/ml and can be discharged

to the ground under carefully regulated conditions.

In the development of the present process, the removal of cesium and
strontium was studied separately in order to optimize opera@ing conditions
and establish the range of applicability. Nickel ferrocyanide as a carrier
precipitate for cesium was found to perfofm satisfactorily only at pH less
than 10.- Above 10, thereé is an abrupt decrease in carrying. Of several - -
metal ferrocyanides tested, nickel, ferrous and cobalt ferrocyanide gave
equally good decontemination at pH up to 10. Nickel ferrocyanide was ulti-
mately chosen because it possessed mich greater chemical stability than
ferrous ferrocyanide,and mickel salts are more readily available and less
expensive than those of cobalt. The ferrocyanides have been found to be ,
very specific for cesium. Under optimum conditions radiocesium concentrations
of the order of 10*9 molar have been obtained in the presence of sodium
concentrations as high as five molar. Decontemination factors for other
fission products are usually lessltban 10. .

As might be expected from its chemical properties, strontium was found
to be much easier to scavenge than cesium. When the wastes are neutralized,.
the ferric iron and phosphates normally present precipitate and carry most
of the strontium, particularly at pH greater than l1ll. Cesium is not carried
at this pH, however, either by this precipitate or by any of the metal fer-
rocyanides. It was found that addition of inert strontium nitrate and sub-

’ sequent precipitation of stronium phosphate supplied the additional decon-

tamination required at pH of 8.5 to 10. "Calcium Phosphate was also found
to be an efficient sca%enger for strontium but was somewhat more sensitive
to pH than was strontmum.phosph&te.

The process as now employed is limited by the mild steel equipment in
use to the pH range of from.?.s to 10. Consequently, it is not applicable
without modifications to wastes containing high concentrations of aluminum
or other salts insoluble at this pH. Other éesium‘precipitants have been
studied for their applicability to strongly alkaline wastes, and of these,
sodium tetraphenyl boron has shown most promise. Scavenging with this com-
pound is also being studied at Idaho. The effectiveness of the metal
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ferrocyanides in separating cesium from acidic wastes have been studied with
a view to preparing very pure cesium sources for purposes of commercisl

utilization with results as reported above,

3. BRITISH METHODS FCR FISSION FRODUCT SEPARATION

The high level liquid waste from chemical processing in Great Britain
resembles the unneutralized Purex wastes in this country, being nitric acid
solutions of fission products with iron, nickel and chromium present as
corrosion products, and uranyl nitrate and tributyl phosphate as trace con-
stituents. These wastes are routinely concentrated by evaporation to less
than 1% of their original volume and stored in underground tanks. Volume
reduction of acidic wastes by evaporation is normally limited by the appear-
ance of ruthenium in the evaporgﬁér overheads. This behavior is attributable
to nitric acid oxidation of ruthenium to the valatile tetrczide. It is
avoided in this case by destruction of the nitrate through reaction with
formaldehyde. V ' |

From the standpoint of commercial utilization of fission pfoducts,

2 ana cst37.

interest has centered primarily on methods of separating Sr
However, processes for removing gross4mixxurés of fission products from the
wastes for purposes of disposal have also been studied.

Strontium is separated from the waste by precipitation as the nitrate
from 68% nitric acid solution. It is then further purified by additional
precipitation from 80% nitric acid to radiochemical purities of about 8%,

. Cesium is recovered by phosphotungsfate precipitation from waste 8 M
nitric acid. The cegium.phosphdtungstate»is then dissolved incdilute caustic
and precipitated again,yielding ultimately a product with a radiochemical )
purity of 99.9%; The excess phosphotungstate remaining with the waste is )
removed by solwent extraction. | |

A process has reéenxly'beén tested on a pildot plant scale for removal
of gross fission products. Decontamination factors as great as'l,OOO were
obtained by this process which consists first of precipitation with tri-
sodium phosphate and ferric chloride at a pH adjusted to 11.5 with sodium
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hydroxihe. A second precipitation is then carried out at the same pH using
ferrous sulfate, sodium sulfide, and the effluent is then passed through a
column of vermiculite.

Other methods of treating the waste solutions for purposes of fission
product recovery or more economical storage includes studies of nitric acid
destruction with formaldehyde and extraction with ether, fission product
separation by solvent extraction, electrolytic precipitation, anion exchange
precipitation, and precipitation with ammonia.

9.43 Fission Product Recovery by Ion Exchange

Ion exchange recovery processes for cesium, strontium, and rare-earth
fission products have been developed.for treating aqueous waste effluents.
Systems based on either acidic or alkaline solutions have been devised for
operations in the Higgins continuous ion exchange équipment which permits
minimum radiation exposure and damsge to organic resins. Such proceéses,
adaptable to a great variety'of present and anticipated waste effluents,
have been tested on laboratory-scale at relatively low. radiation levels.

The "Diban" procedure discussed below was investigated as a tentative process
for removal of fission products from complicated waste effluents of a con~-

ceptual multipurpose reprocessing plant (six tons urenium per day capaclty)

‘This plant would recover U23 32 0235, ?u239, and U233 from a complex

variety of power reactor fuel elements. The alkaline procedure is being
&eveloped‘as a tentative process for treating neutralized aluminum nitrate .
and nitric acid wastes, such as effluents from present-day reprocessing
plants.

FISSION PRUDUCT RECOVERY
BY THE DIBAN-ION EXCHANGE PROCESS
The mixed high-level aqieous waste effluents from the multipurpose
facility, at an estimated volume rate of about 2.3 million gallons per year,

3’

were calculated to have an average composition as follows: 3.6 M HNO
0.35 M Al(N03)3, 0.1T3 M F, 0.025 M Zr“'l‘, .0.06 M Fe-Cr-Ni nitrates, and



lesser concentrations of Hg++, soh, ete. It was palcuiated that about 2.4
90 137

b4 lO7 curies each of Sr” and Cs would be contained in the yéarly volume.
Employing a two-stage evaporation, the nitrie écid can be recovered from
this solution to produce, in the first stage, an adid-deficient sollution
containing mono-basic Al(NO ) OH, and in the second stage, a more acid-
defic1ent solution contalnlng dibasic Al(NO )(OH) The latter substance
has been called "diban", solutions of which have an acidic reaction, e.g.
approximately pH 2. Centrifﬁgation of solid residues, and MhOé precipiﬁa-
tion techniques, are effective in the removal of many fission products such
as zirconium, niobium and ruthenium. A fiﬁal resin column feed éolution
can ‘then be prepared at a concentration of about 1.6 M Al(NO3)(OH)2. Em-
ploying Dowex 50 cation exchange fesinn(qmmonium form) in a Higgins-con-
tinuous sorption-elﬁtion system, it is possible to recover cesium, strontium
and rare earth fission products from such a feed, achieving decontamination
factors ofﬁ)\l;oh for each. Thus, the large volumes of effluent from the
system can be freed of the most.hazardous_fiésion products, and the sorbed
cesium, strontium and rare earths can be eluted in small volumes of a 2 to
3 M (NHH)2C03, 0.1 M (NH4)3-citrate solution, and subsequently, efficiently

separated on small fixed resin beds at controlled pH.

FISSION PRODUCT RECOVERY FROM ALKALINE WASTES
BY CONTINUTOUS ION EXCHANGE

Aqueous waste effluents from solvent extraction processes such as
Redox, Thorex, and "25" contain considerable quantities of aluminum nitrate
with smaller quantities of nitric'acid,_corrosion products, and process
additives. These solutions may be néutralized with sodium hydroxide to form
alkaline solutions of an approximate comppsition: 0.1 M NaAlOB, 0.3 M NaNO

0.1 M NaOH, 0.002 M Fe+3. The iron is precipitated as ferric hydroxide

and very effectively scavenges the strontium (99%), zirconium, niobium,

3}

ruthenium (~<-90% each), and rare earth (99.9%) fission products from the
solution. The supernatant solution is fed to a continuous Higgins column

containing a phenolic cation exchange resin, which has a very high sorptive
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affinity for cesium, strontium and rare earths in alkaline solution. All
90

of the 05137, and the remaining traces of Sr
efficiently (Nlol‘L DF) removed from the large volumes of alkaline solution,

and rare earths, can thus be
The produc%s‘are then eluted from the resin with a solution of 6 M HCI,
which can subsequently'be removed by evaporation to provide very high con-
centrations of the fission product chlorides.

Methods for removal of the aluminum and sodium from the effluent have
also been developed, in case it appears desirable or valuable in the final.
disposal of these 16w~level radiocactive wastes. '

It will be noted that similar, and more highly efficient, operations
may be readily developed for neﬁtralized concentrates of nitfic-acid wastes
from the Purex process.

VITRO STUDIES OF COPRECIPITATION AND INCRGANIC EXCHANGERS

Vitro has investigated possible procedures for removing strontium from
waste solutions at elevated temperatures by utilizing éarrier‘techniques.
Aipng with this study, the use of certain minerals as ion exchangers or ad-
sorbers of éeéium from acid and basic waste solutions were also studied.

Decontamination factors of 3440 and 4050 have been obtained by copre-
cipitating strontium with a barium sulfate carrier at 334° and 350°C, re-

3 solution that initially contained 0.005 g of
Srsou/liter and 2 g of Basou/liter. At higher initial strontium concen-
trations with 2 -and 6 g of BaSOh/liter, the factors were considerably less.
The§e experiments showed. that higher decontamination factors are obtained by:

spectively, from a 5 M HNO

1) increasing the temperature, barium concentration and barium-to-strontium
ratid3 and 2) decreasing the initial strontium concentration.

Further studyVof minerals as exchangers or adsorbers of cesium from
stfong nitric acid solutions indicated that none of the sixteen minerals
tested are particularly good for this application. Those minerals which
were tested are: monazite; andradite, hessonite, wernerite, illmenite,
Pyroxene, wollastonite, bytownite, rhodonite, garnet, barton sand, epidote,

variscite, sphere, diopside, lead fluorspar. In 5 M HI\?O3

solution, only
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variscite, wernérite, wollastonite, and lead fluorspar showed any exchange
after one day contact time. Variscite, wernerite and wollastonite had
distribution coeffi’cien’csx of O.h9‘vhereas the coefficient for lead fluor-
spar ﬁés 0.97. In preliminary tests of the same minerals at pH 12, varis-
cite, which is principally aluminum phosphate, had a distribution coefficient
of 61.5 after 24 hours contact time between one gram of mineral and 20 milli-
liters: of a cesium nitrate solution (pH 12) containing 0.409 g of cesium/
liter. After 3 days the factor increased to $6.7. Under the conditions

of 1 day contact time, 77% of the cesium was removed from the solutioﬁ and
the cesium loading on the mineral equalled 6.3 g of cesium/kg of mineral.

"

9.4k Fission Product Recovery by Solvent Extraction

Considerable knowledge of fission product extraction py organic sol-
vents has heen attained during research and devélopmenx efforts connected
with brocésses no% employed for recovery of fissionable and fertile materi-
als. Variables affeétiné their chemistry and their organic-agueous distri-
bution coefficients were rather thoroughly scouted tb establish conditions
for their optimum separation from uranium, thorium, and plutonium. In most
of the processes it was found that alkeli metals (e.g. Csl37) and alkaline
earths (e.g Sr9o) were among the least organic-extractable chemical species,
whereas certain fractions of the rarecearths, ruthenium, zirconium and ni-
obium were somevhat extractable and difficult to separéte from process
products. Thus, it may be judged that, in general, presgnt process solvents
such as tributylphosphate (TBP) i§7hexone9gill not be particularly effective

evolved that modified systens émploying TBP ‘may prove quite effective and

extractants for the hazardous Cs or Sr”" products. However, it has
adaptable processes for the removal of rare earths from the waste effluents.
Similarly, by chemical conversion of ruthenium and niocbium to extractable

species, they may also be removed by TBP.

_ mg Cs/gm mineral
~ mg Cs/ml solution

*pistribution coefficient
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Several other organic solvents have been investigated as potential
fission product extractants. Some of these will also be discussed.

EXTRACTION OF FISSION PRODUCTS
FROM AQUEOUS EFFLUENTS BY TBP

In the: absence of significant quantities of TBP-extractables, such as
uranium or thorium nitrates, which create TBP-saturation (and/or strong
back~salting effects on less extractable species), the cerium and rare-
earths are readily extracted by tributylphosphate. In cases where nitric
acid is the only agueous salting agent, relatively strong concentrations
of acid (e.g. 8-16 M) are required to provide usefully high rare -earth
distribution coefficients® (ﬁfb.) because the TBP-extractable nitric acid
may effectively back-salt the rare earth nitrates.- However, such systems
have been effectively employed in the extraction and separétinn of the
haturally occurring rare earth elements. In agqueous systems containing
aluminum nitrate, either acid~aefici¢nt or with relatively low aciéities,
fairly low salt-strengths provide usable distribution coefficients for the
cerium and yttrium rare earths. The concentration of TBP in the organic
extractant has been studied both at 1) full-strength and 2) various di-
lutions (30-45%) in inert solwents. J

In tracer studies employing 1.0 volume of a synthetic solution (1.6 M
Al(NO3)3, 0.16 M Hz\xo3, 0.02 M soz) with 0.2 volume of 100% TBP, it was
found that a combination of chemical treatments of the aqueous waste pro-
vided a system for extraction of the cerium, yttrium, zirconium, niobium
and ruthenium fission products. Oreater than 99% of the rare earths were
extractable without treatment. The addition of cupferron was employed to
attain about 89% removal'of'zirconiumpniobium; and reduction (metal addi-
tion to aqueous phase) was employed to attain approximately 90% removal
of the ruthenium. |

¥ oncentration in organic'phase/concen%ration in aqueous phase

¥
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In other studies éétual wastes from the Thorex process were employed.
Evaporator waste concentrates of nitrate solutions at 2.7k E.Al+3, 0.87 M
‘ HNO3-deficiency, 0.11 g;SQE, were treated for fission product removal by
1) extraction with 42% TBP for cerium rare earths; 2) PbS0, precipitation
for strontium, barium and lanthanum; and 3) ferrous ferrocyanide precipi-
tation for cesium. Empléying a batch counter-current extraction and stripping
system, it was possible to completely extract and concentrate the cerium
rare earths. Extraction distribution coefficients for the latter were ob-
served to be greater than lOu, making it possible to employ efficiently
small organic volumes for the extraction process.

INVESTIGATION OF OTHER ORGANIC EXTRACTANTS

Studies of various solvents (aqueous phase 1.6 M A1(NO )3, 0.16 M
HNO ) revealed possible extractants for rare earth groups, zirconium-
niobium, and strontlum, however, none of those studies were effective for
the cesium. Some examples ere given below.

0.9 M Tridecyl Phosphine oxide was highly effective (dlstribution co=
efficients of 115 to 190) for Ce¢ *3 and ybttrium, and 21rcon1um~niob1um
(D.C. of about 20). 1.3 M tri-n-octylemine was effective for Ce (p.C. of
61) and for Ce *3 (D.D. of 3 to 4). 1.3 M Di-2-ethylhexyl phosphoric acid
was effective for yttrium (D.C. of 104) and ce*3 (D.C. of 2), and for zir-
conium-hiobium (D.C. of about 25) 0.5 M thenoyl triflouracetone (TTA) in

benzene was effective for zirconium»niobium (D.C. about 10).

9.45 Brookhaven Screw Calciner

In order to reduce the hazarés and costs involved in storing highly -
raaioaétive wastes, Mandwitz et al have propoéed that the wastes be de~
watered and fused to compact salt. After dehydratién the wastes would be
in the form of insolubles and dried salts which can be fused upon further
heating. Any solids which do not dissolve in the fused salt can be occluded
or fluxed by having an adequate amount of fusible salt present in the waste;
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Present neutralized aqueous wastés, vwhich are stored as 20 to 30% salt solu-
tions, contain large qnanxitiés of sodium nitrate. Because of its low melting
point (308°C), sodium nitrate can serve as a fluxing agent for the other
solids-including the fission ?rodncts in the waste stream. In waste streams
where there is no fluxing agent present; other low-melting salts can be added
to serve as fluxing ageﬁts for the dehydratéd concentrates. The fluxihg

constituent'is necessary because it gives mobility to the concentrated prod-

uct and serves as a heat transfer medium for the removal of the radioactive
decay heat. The conversion to a fused salt reduces the volume of wastes to
be stored, and because the fused salt can be stored as & solid in the final
container, the potential hazard is decreased. '
a The apparatus proposed for this process was a screw calciner since this

equipment possessed the following.deéirable feaﬁﬁres:

1) It is mechanically simple. o

2) The entire concentration sequence can take place in one ¢

plece of equipment.

3) It can operate continuously.

‘) A minimum amount of manual process operations is involved.

The fused salt calcination process has heen demonstrated at BNL using
a pilot plant model calciner. The salt solution was fed continuously frdm
the feed tank to the calciner by means of a centrifugal pump. -The rate of
flow was controlled by means‘of throttling valves and was measured by a
flowrator. The feed entered the calciner body at the cold end (200°F)
wﬁere the solution was dehydrated, and as the auger moved the dried salts
toward the discharge end the temperature of the salt was raised until it
fused. The fused salt was then discharged dontinuously to a heated pump
for transfer to a final container. The water vapor and oxides of nitrogen
which were given off during the calcination pass through en entrainment
separator to a condenser where all the water vapor was condensed and re-
celved in a condensate receiver. Any oxides of nitrogen which do not dise
solve in the condensate passed on through é:scrubber.whére they:ﬁere re-
moved by reactlon with 25 per cent sodium hydroxide. A



A half section of 4-in. Schedule T&pe 347 stainless steel pipe, 6 .
long, served as the trough of the calciner. A rectangular-shaped vapor
dome was welded to the trough. Standard pipe flanges served as inspection
porte and connections for the feed and vent lines. The entraimment sepa-
rator contained a wire basket, 8 in. by 12 in. high, packed with stainless
steel mesh. The U-shaped cross section of thé calciner body made it possi-
ble to observe the operation of the equipment through the observayion ports
and offered a large free volume above the process stream, but it éiSO re-
sulted in the heating of the calciner body and poor utilizétion of heat
input. ‘
The greater part of the process heat for the calciner was brovided b§
the U-shaped strip heaters located uniformly along the bottom half of the
calciner body.

' During operation, the liquid height in the calciner was kept at about
l or 2 in. Therefore, a portion of the heat did not have direct access to
the process liquid.' This resulted in the maximum caléiner body temperature
cccurring in the middle and.uppér sections,-and limited the prodnction
capacity and thermal efficiency of the unit. |

The lower section ran between 200°F at inlet.and 7OOQF at outlet,
while the upper sections ran at much higher temperatures (900°F); During
operation the heating circuité were controlled in three section of equal
iength. The. first section of the calciner operated at 100 to 20000, the
second section at 200 to 300°b, and the third secfion-at 300 to 35000.

It was planned to dewater in the firéf section, dry in the second section,
and fuse in the third section of the calciner. In the initial runs it was
anticipated that a 30 ﬁt % sodium nitrate solution could be fed to the unit
at such a rate that anhydrous fused sodium nitrate would be discharged
continuously from the hot end of the caiciner with the temperature gradient
across the unit maintained at the prescribed levels. After a pefiod of
epxerimentation, which included variation of the auger speed, calciner
pitch, and heat inputs; the desired.operating prqaéedure was attained.
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9.46 Fluidized Bed Calcination

A bromising method of inexpensively treating and storing first cyclé
wasté streams containing aluminum or zirconium is calcining to a freé-flowing
non-corrosive granular solid inra fluidized bed. By this method the corrosive
nature of the waste:is reduced and the volume to be stored is considerably
decreased. This means that a calcined waste can be stored in smaller and
less expensive containers. 4
' Another significant featu;e of a granular solid waste obtained from a
fluidized bed calciner is that it can be readily leached with water or mild
acid; thus, a valuable sourcé of fission products is potentially aVailable.

The process under investigation by Jonke at Argonne Nationai Iaboratory
and by Grimmett at the Idaho Chemical Processing' Plant consists of evapo~
ration and calcination of waste‘solutions to the oxides of the constituents
in a flﬁﬁdized bed. The célciner consists of a cylindrical vessel containing
a porous, conical, sintered stainless steel plate. Operation of the fluidized
bed calciner is relatively simpié. Enough solid material between -20 and
+65 mesh, is charged to the vessel to cover the top spray nozzle when the
bed is quiescent. After the solids aré_gharged the bed is fluidized. Be-
tween one and three feet per second superficial velocity of the fluidizing
medium is used depending on the particle size. The bed température is
brought to the required value by manual control. Preheated air (present
studies indicate super-heated steam may be used as the fluidization medium)
is passed through the plate to fluidize thé'bed; the entire mass behaving |
much like a vigorously boiling liquid. Waste solution is injected into
the bed through pneumatic spray nozzles spaced on the periphery of the cai-
ciner in a'sihgle horizontal plane; The fluidized bed is operated at temp-
eratures_ranging from hOO-BOOOC by means of electric bayonet heaters mounted
internally.. External heating-has been used but found inoperable because of
burnout.

A'number of methods for supplying heat to a fluidized bed calciner have
been studied, but for one reason or another the systems have been narrowed
to two. One method is that of supplying heat to the fluldized bed.by means

of high temperaturé heat transfer surfaces buriedlin'the bed. The other
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méthod consists of passing hot burner gases through the bed as the fluidizing
medium, and usiﬁé the sensible heat of these gases as the heat source;' A
comparison of these two methods indicates that heat transfer surfaces in the
bed would“requife smaller equipment for a given calciner capacity and at

. the same time the wolume of off-gas would be much smaller.

A 12-in. diameter settling and filter section is mounted above the bed -
section. The filter is made from eight 18-in. x 1-1/2 in. 1-1/8 in. bayo-
net-type, porous stainless steel filter elements. Two off-gas manifolds
are provided, with four filter elements venting into each manifold. Valves
are provided so that while one manifold is:. filtering the offugas, the_filter
elements in the second manifold can be individually cleaned by blow-back .
air. t ‘

The calciner is run under vacuum of 0.5-5 in. mercury, supplied by
means of a steam jet exhauster, through the multiple banks of porous, sin-
tered, stainless steel filters. These filters are capable of removing en-
trained oxide particles of 2-3 pu. Particulate removal may also be accom-
plished by cyeclone separation with return of collected fines to the cal-
ciner. The granular product is removed to storage containers by means of
a bottom outlet or by means of an overflow pipe. V

Of prime importance to the waste calcination program is the type of
solid produced by -the calcining equipment. The solid product should havg'
as high a bulk as possible. This depends upon the physical structure of
each solid particle as well'as the size distribution of the particles
making up the bulk of the waste. The solid waste should be as closely
sized as possible, and‘of such particle diameters as-to simplify trans-
portation and leaching. The particle size distribution of the waste will
have an effect on its heat transfer characteristics, and this will ih»
.fluence the design of a hburial vault as well as the calcining equipment.

Results of exploratory runs indicated that the following operating
variables may affect the size and bulk of the calciner product: 1) cal-
cination temperature, 2) liquid waste feed rate, 3) 2iquid waste feed
composition, L) fluidizing air rate, 5) feed spray nozzle air rate-to-
feed ratio, 6) producﬁ drav-off air rate.
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A hot pilot plant for the purpose of evaluating'the fluidized bed techniques
has been constructed at the Argonne National Laboratory. Demonstrations at

intermediate levels of radiocactivity are presently underway.

" 9.47 The Nepheline Syenite Waste Disposal Process

The Néphéline Syenite method of disposal as proposed by AECI? is to be
used for concentrated fission-product solutions. However, it is presently
being studiéd only on laboratory-scale of operatioﬁ.

‘ There are three sources of aqueous fission product solution from the
Canadian recycle schemes which will be disposed by thﬁs method: 1) nitric
acid solution from the first contactor of the uranium process, 2) aluminum
nitrate solution from the first and fourth contactors of the plutonium
process, and 3) ferrous sulfamate solution from the anion exchange columns
used In the uranium process. The first two of these wastes cen bé'economi-
cally combined and evaporated until the aluminum crystallization point is
approached. Ferrous sulfamate is converted by evaporation (using a volume
reduction of 10 fold) in the presence of nitric acid to ferric sulfate.

If the ferrous sulfamate solution were added to the aluminum nitrate solu-
tion the formation of sulfate ion would cause precipitation of some fission
products. Therefore, this evaporatlon must be done separately.

The waste solutions with a nitric acid concentration of approximately
6 M are mixed with an equal weight of nepheline syenitemﬁ powder in fire
clay"crucibles. The slurry gels rapidly and the gel is then dried at in-
creasing temperatures up to 800°c. Drying removes water, nitric .acid, and
decomposes mgtallic nitrates. The ﬁitric‘acid solution is condensed and
the oxides of nitrogen are reconverted to nitrie acid with oxygen in a
packed reflux condenser.‘~iheseracids are then concentrated for recycle in
fuel processing. The major problem in this step is the distillation of
Ruoh which "plates out" on the first available surface. This raises the
level of activity in the furnace as well as the operating cell itself.

**The empirical formula calculated from the gravimetric analysis is as
follows: (0.75 Na, 505 0.25 K20) 1.1 41,0, ‘4,5 8i0,.

o 2°
""Chalk River, Canada
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The dry powder of nepheline syenite and fission products is sintered
at 130000 after drying and decomposition is complete. The resulting glassy
mass contained in fire clay @rucibles is then annealed at TOOOC, cooled and
removed by conveyor>to an underground water-pro6f and earthyuake-proof store

-age vault.

Since the crucibles will contain fission products in a very concentrated
form, forced convection cooling of the vault would be necessary. The limiting
capacity of the crucible is determined by the rate of cooling possible. This
capacity has been tentatively set at one gallon of concentrated fission prod-
uct solution containing approximately 2 x 10% curies or 36 Erams of mixed
fission products. »

9 48 Brookhaven National laboratory
Calcination and Clay Fixation Process

The clay fixation work of Hatch at Brookhaven Natiopnal Iaboratory is
based on the assumption that by chemically compounding the fission elements
into solid substances already known fo be highly stable in the emviromment,
& much more secure method of contaimment would be obtained. "Sinée the

fission ?roducts, with the exception of ruthenium fractiohs; are largely

~ cationic in agqueous solution, and since it is well-knon that ‘some of the

natural clays have good. capacity for chemical exchange of cations, the in- -
vestigation at Brookhaven Hational Laboratory has centered on fthe use of -
clays of the montmori;lonite“group. Three results of fhe investigation
stand out thus far: |
1) The capacity for eation exchange is found to be 1.2 milli-
' equivalents per gram of clay ‘
2) Ruthenium, possibly as an anion, is not effectively exchanged
on the clay
3) The exchange capacity is reduced essqntially to zero by
heating the clay to about 1000°C

"By this last device the cations on the clay are firmly fixed and it
ig in this sense that the quality of permanence in disposal is to be
determined."” That is, the fission products fixed on the clay would not be
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dispersed into natural waterways and would be highly restricted from éverA
finding their way into biological cycles. As long as the fired clay was
confined, a major step would‘have been taken in securing safe éisposal of
the fiséion products without any significgnt reliance on the use of tanks
or similér containers. )

A'pilot plant has been operated at Brookhaven National Laboiatory to
demonstrate the feasibility of adsorption on clay. "Briefly, the ‘plant com-
,priseé a series of four ;olumns'of clay mounted ih a vertigal line ﬁith’
‘suitable mechanical manipulators so that the columns can be moved individu-
ally in a direction. counter-current to the flow of fluid. Containers made
of refractory materials are enclosed in stainless steel jackets joined at -
the mid~section by means of demountable, quick-opening bands."” Ioaded col-

"umns of clay are then fired in a high temperature kiln to approximately lOOOOC.

Since the mechanism of incorporating the fiésion products into the
clay is ion exchange, it is fundamental for most efficient use of the clay
that the‘concentrations'of extraneous cations, which may be pieseﬁt in the
wastes as a result of the fuel process itself, be at a practical minimum.
Aluminum and zirconium, for example, would be present in wastes from proc-
essing solid fuel elements containing these as alloying agents. There are
two principal objectives in all of the clay adsorption work: 1) a preQ
treatment of the raw waste solutions designed to reduce or prevent the éd-
mission of extraneous ions, and 2) direct*adsofption of radiocactive ions
on the clay. ' .

Itﬂhas been found that rémoval of nitric acld by volatilization and by
electrolysis using ion-selective membranes are highly desirable ovef neu- -
tralizétion with caustic. A reduction of nitric acid concentratién to less
than 0.08 M with satisfactory electric current consumption has been demon-
strated in a membrane unit. It appears evident that a comhinétion of ini-
tial removal of nitric acid by volatilization and final reduction by use of
membranes will provetmost economical.

The separation of aluminum and zirconium from the fission products by
first converting to the oxides on heating and then leaching with water or
dilute acid, showns much promise. Not all of the fission products are.
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leached away in this manner. However, by this method it éppears that the
aluminum or zirconium, with whatever‘fiésion products reﬁain after leaching,
are converted iﬁtova stable form suitable for ultimate disposal; the leached
fission products would then be fixed on the cl&y._ o :
It is proposed to calecine aluminum or zirconium bearing wastes in a
ball kiln calciner. A unit has been designed and cost-estimated by Blaw-
Knox, In thié process wastes are continuously fed from a feed tank through
a preheater to the first section of the kiln, The ball kiln unit consists
of one roﬁary ball kiln operating at 662°F for eva@orating the solution to
dryness and dénitrating the resulting pbwder, and a second rotary kiln op-.
lerating at 13000F for hydrolyzing the fluorides of aluminum and zirconium .
to produce the oxides of these metals. Metal balls are used in the low
temperature kiln to prevent agglomeratién and to produce a free-flowing
powder. A powder transfer unit is provided for collection of the low-temp-

erature kiln product and transfer of this product to the high temperature

. kiln.

- The off-gasgs from the low teﬁperatureAkiln pass through a cyclone dust
separator for removal of entrained pbwder. The recovered powﬂér is returned
to the powder trapsfer'unit. The off-gases are then removed in a nitric
acid absorption column. .

The product fromkthe high temperature kiln is cooled before discharge
td the primary leach tank. The off-gases from the high temperature kiln

are removed in a hydrofluoric acid condenser,

9.49 Fixation by Self-Sintering at Elevated Temperatures

A process for disposal of high level chemical processing wastes by
mixing with ceramic ingredients and allowing the fission product heat to

fix the activity in the form of a refractory cake sintered at 600 to 900°C

is under study by Struxmess and co-workers at Oak Ridge National Iabgratory.
It is anticipated that such cakes could be formed in relatively inexpensive
pits, possibly adjacent to the chemical processing plant. The chief ad-
vantages claimed for this method are thg somevhat lower temperatures re-

quired for fixation and the relative simplicity of the process in terms
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of procedure and equipment. An important limitatdon appears to lie in its
appliéation t6 only the most concentrated, short-éeca&ed wastes where the
fission product heat evolution is at least several watts per gallon.

- The present process entails mixing acldic aluminum wastes with lime-
stone, soda ash, and locally occurring Conesauga shale in the proportions:
1l gal. waste, 1 lb. limestone, 1 1lb. soda ash, 3.3 -1lb. shale. AThis mixture
would then be allowed to stand in a ?ellpinsulated pit of large dimensions
while the fission product decay energy evaporated the mixture to dryness,
decomposeﬁ the aluminum, fission product and other salts present, and ele-
vated the temperature of the resulting cake to the level required for sin-
tering and fixation. The off-gas from the bit would be treated by conden-
satién and the particulate matter separated by passage through a sand and
charcoal filter. ’ o '

The leachability of the sintéréd cakes have been investigated in &
qualitative faghion by immersing saméles tagged with strontium, cesium,
cerium, ruthenium and mixed fission product aétivities in water for periodé
of time as long as one year. Analyses of the water have indicated that
. only cesium showed a tendency to be leached and this to only a minor extent.
More detailed and systematic léaching studies are currently in progress.

Heat requirements have been iﬁvestigated in a series of small, well-
insulated laboratory-scale experiments of different surface-to-yolume
ratios. When the heat was added by means of electrical calrod heaters at -
rates decreasihg in an expoﬁential fashion similar to the decay of very
short-decayed wastes, it was found that requirements could be maintained
very near the theoretical minimum and the process completed within one
week, Onnﬁhe other hahd, it is yet to be demonstrated ﬁhethér present=
day aluminum wastes aged 90 days or more would contain sufficient radio-
activity to self-sinter within a reasonable period of time.

Some of the engineering aspects of the process have been investigated
in a field-scale experiment consisting of a pit six feet in diameter £illed
with 720 gallons of s&nthetic waste and the equivalent amounts of limestoné,
soda ash, and shale. Heat was added by means of calrod heaters and ther-
mal requirements were found to be consistent with predictions based on
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labofatory studies. A second experiment of this type is now imminent, where
large-scale mixing eduipment and off-gas facilities will be testgd in the
presence_ of tracer levels of‘rédioactivity. = :

Within the next year, it is planned to perform a smallfscale adiabatic
self-sintering experiment. In this experiment, 30 gal. or less of high level‘
waste will b& used to produce a sintered cake without the addition of exter-
nal heat. Peripheral electric heaters will be used, but only to balance the
thermal losses during sintering. Such an experiment can be expected to
establish over-all feasibility as well as to furnish information on thermal
requirements.and off-gas characteristics. In addition, it should provide
a final product which can bé tested most realistically from the standpoint
of its leachability. | | |

A further phase of the present work on this process is concerned with
improving the basic recipe of fhe mix so as to reduce the volume of consti=-
tuents to be added and further concentrate the heat source. Effort is also
underway to extend the applicability of the process to other types of wastes
such asturéx and those containing dissolved stainless steels and zirconium,

- 9.50 Use.of Soils for Fixation of Radioactive Wastes

A very versatile ceramic process for fixing redioactive wastes in
solids is under laboratoryascale'development by Amphlett and co-workers at
Harwell, England. It has been determined that when wastes, either as solu-
tions, slurries, or granular solids, are mixed with Iower Greensand, a
naturally occurring aluminosilicate-base s0ll, and fused at 1000°C in the
presence of a flux such as sodium carbonate or sodium nitrate, a dense
glass is produced which retains the active species in highly unleachable
form. I{ is-proposed that the solid.products so formed could then be dis-
posed at shallow depths without unﬁue hazard or used in certain caseé as
radiation sources. S . ’ ;

Alﬁhqugh the Lower Greensand soil has an ion exdhange capacity of
about 0.2 milliqui&alents per gram (meq/g), one of the advantages claimed
for this procesé is that loadings many times in excess of this amount can
be attained throuéh combination of the fission product cations within the
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aluminosilicate structure of the soil. Furthermore, the presence of gross

- amounts of inactive constituents within the waste such as aluminum and zir-

conium do not interfere with»fixétion. Ioadings as high as 2 meq/g have -

been achileved where the ratio of impurities to fission product cations was

60 to 1. It is predicted that significantly greater lbadings can be attained

with further process dévelopment and that under the most favorable condi-

tions a volume'reduation factor of 2 could be realized in the treatment of

a saturated aluminum-base waste. ) ' :
‘ Leachability of the final melts was investigated by exposing both

poﬁdered and intact specimens containing tracer levels of cesiuﬁ, cerium,

and nixed fission product actiéity to distilled water and synthetic sea

water with agitation for several weeks. At the end of the tests, the solu-

tion was monitored for leached activity. Under these conditions it was

found that decontamination factors of loh to 105 could be attained.

Investigations of the off-gas during heating showed that ruthenium was

the only fission product that tended to volatilize to a troublesome extent.
When heating was performed in the presente of significant nitric acid con-

| centrations, appreciable losses occurred by Ruou volatilizétion. However,
under carefully chosen conditions where the nitric acid had been neutralized
or destroyed chemically beforehand, the ruthenium losses were limited to 3%.
It is believed that losses could be reduced still further by precipitating

the ruthenium as the hydroxide and firihg in an inert atmosphere, although
there is.little difficulty anticipated in filtéring or trapping the ruthenium

fron the off-gas should such prove to be deésirable.

ConSideration has been given to the possibility of using the energy of
fission product decay to achieve fixation without the addition of external
heat. Calculatiohs-indicated that the feasibility of self-fixation depended
on the presence of short and medium half-life fission productSAih the waste
and was probably not practical if only tﬁe.longer-lived isotopes were avail-
able as heat sources.

At the present time, emphasis is being placed on the investigation of
other combinations of soils, flﬁxes, and wastes in an effort to achieve
maximum:loadings under optimum conditions of mixihg and firing. Future effort

A



will lie in equipment development and pilot plant demonstration of the proc-

ess at significant activity levels.

9.51 Fixation of Radiocactive Nuclides as Synthetic Feldspars

A method of fixing radioisotopes as synthetic feldspars has been pro-

- posed by W. A, Patrick of The Johns Hopkins University. This process, for
‘use with aluminum or zirconium type wastes, is designed to take adyantage‘
of the fact that the feldspar combination represents>the most. insoluble form
of the alkali or alkaline earth éiements and would, therefore, fix both
cesium and strontium in a very permanent form suitable for underground or
sea disposal.

In the case of aluminum, the wastes are initlally evaporated to dry-
ness and the aluminum and fission product nitrates are decomposed to their
oxides, possibly by use of a fluidized bed calciner similar to the one under
development at Argonne National‘haboratoryVand Jdsho Chemical Processing
P;ant. The aiuminum oxide calcination product is disgolved in caustic to
form sodium aluminate, which is then mixed with a solution of sodium gili-
cate (water glass) untilva transparent hydrogel if formed. This hydrogel -
is dried at lOOQC without entrainment problems to %he gel form,‘ﬁndergoing
a shrinkage to 1/10 of its original volume as the hydrogel. When the gel
ig fired at 1000°C a crystalline compound is produced possessing akfeldspar
structure of the type, MéO-A1203-hSiOQ. An additional 30-40% volume re-
duction is achieved during firing. It has been suggested that in treating
short-decayed wastes the heat of fission product decay might be utilized
to effect either the drying or the firing or both.

In order that a crystalline, nén-leachable mineral be obtained, it
was found necessary to reduce the amount of sodium present during forma-
tion of the hydrogel. This was accomplished by dissolving the aluminum
oxide in about 80% of the stoichiometric amount of NaOH required for the
formation of sodium aluminate and by remeving up to 80% of the sodium from
the water glass by means of ion exchange. - '
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If zirconium type westes are to be treated, the wastes as hitricﬂacid
solutions are mixed with a solution of colloidal silica to form a gel. When
dried and fired at temperatures near 1000°C, a crystalline compound having
a structure similar to that of zircon, ZrSiOu, is produced. It has not
been revealed whether zirconium when in solution as the fluoride or the
sulfatg, as is most often the case in current wastes, will react in the
same manner as when it is present as the nitrate.

At the present time, this process has been investigated only on a
laboratory-scale and in the absence of radiocactivity. Future laboratory
work will be conce%ned with' testing at tracer and higher levels of activity.
Such tests should give better indication of operational problems to be
encountered.as well as cénclusive evidence of the non;leachability of the
final product. The later phase of engiﬁeering development shoitld be greatly
simplified if the operability of the fluidized"bea calciner has in the
meantime been demonstrated. An additional question to be resolved ;s the
limits of adaptability of the process with respect to other fypes o% wastes,

in particular to those containing dissolved stainless steels.

9.52 Treatment of Radicactive Effluents with Sawdust

The use of sawdust to adsord activity from large volumes of intermediate
and low-level aqueous wastes has been reported by de Jonghe and d'Hont of
Belgiumi It is expected 1o serve as a final step of waste treatment at Mol.
Sawdust has been found to possess an adsorption capacity comparable to
that of clay and, besides being‘an item of low economic value, its use
offers the additional aﬁvantage of a high rate of liquid throughput and a
large volume re@uction factor. Followiﬁg a chemical precipitation which
removes 85% of the. fission products together with the inactive constituents
present, the supernatant is passed through columns containing sawdust which
adsorb more than 99% of the remaining isotopes; A further concentration can
be obtained by either burniné the sawdust or allowing it to undergo natural
deterioration. - ‘ '
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Iaboratory studies perfofmed in small columns with tracer level acti-
vities established that poplar is the most suitable species of wood for this
purpose. At flow rates of 0.5 ml/sec/bm?, more than 99% of Sr, Cs, U, Zr
and Ce were removed at pH values between 2 and 10. The adsorption capacity
of the sawdust was found to be about 0.2 meq/g when contacted with neutral
solution and somewhat greater under alkaline4conditions, Sodium ions did
not interfere with the adsorption of cesium and strontium but the ﬁresence
of divalént and trivalent ions in the waste even at concentrations as low
as 100 ppm noticeably interferred with separation.

Pretreatment of the sawdust with dilute chlorine water is required in
order to prevent discoloratibn.of the wagte by soluble organic matter. ThisA
pretreatment is performed before packing the columns in order to limit more
effectively the contact time between the sawdust and chlorine and thus
avoiding excessive chemical attack. ’ _

The results of one experiment carried out with aqueous waste have been
reported. In this case, a sample of waste solution supplied by AERE at
Harwell was treated with sawdust following a chemical precipitation. By
passage of untreated waste through a éolumn 8 em in diameter énd 40 em high
at a flow rate of 15 1iters/hr., 97% of the radiocactivity was eliminated.
After pretreatment by chemical precipitation with trisodium phosphate and
calcium oxide, passage through a column 40 cm long removed 98%, and passage
through a column length of 80 cm removed 99%.



-36-

REFERENCE LIST FOR SECTION 9.0

Evaporation

1.

2.

5.

Je

W. Ullmann, "Preparation of Waste for Liguid Disposal," ORNL CF
57-4-48, (May 1k, 1957).

. Deleted

EO

M. Shank, "ORNL Radiochemical Waste Evaporation Performence
Evaluation ; December 1949 Through December 1950 " ORNI~1513,
(June 26, 1953).

Supplementary B:.‘bliography Reference 73.

Fission Product Recovery and Isolation: "ORNL Radiolsotopes Department

6‘

7.

8.

10.

11.

1.3u

1k,

A.

S.

A.

P.

R

R.

F. Rupp, "Fission Product Processing," Reactor Fuel Processing Costs:
Papers Presented at the Idsho Symposium, Jen. 18-20, 1956, IDO-
1&363, (Pt. III).

‘J+ Rimshaw, "Sa.nitary Engineering Aspects of the Atomic Energy

Industry. A Seminar Sponsored by the AEC and the Public Health
Service, Held at the Robert A. 'Taft Engineering Center, :
Cincinnati, Chio, Dec. 6-9, 1955," p. 303-309, TID-'?SlT,

(Oct. 1956).. ;

T. Gresky,' "The Recovery of Cs 137 from ORNL Radiochemical Waste;"
ORNI-T742, (Oct. 1950).

T. Gresky, "The Preperation of Rui:henium Tracer from Waste Metal
Solution," MonT-233, (Dec., 1946). .

. S. Pressly, "Prepa:ra.tion of Fission Rare Earth Isotopes,” ORNL-2252,

(May, 1957).

0. shallert, "Production of Fission Product Groups for the Radio-
iso’cope Program," ORNL-L1lhk, (July 28, 1952).

B. Bar'bon, Je L. Hepwor‘bh, E. D." McClanahan, Jr., R. L. Moore, and
H. He Van' Tuyl, "Fission Product Recovery from Chemical Processing
Plant Waste Solutians," HAPO, ACS Paper, Miami Meeting, (April, 1957).

E. Tomlinson, "fhe Fsolation ang P&ckaging of Fission Products at
Henford," Hw>h3835, (June 27, 1956).

E Burns, M. J. Stedwell, "Volume Reduction of RadioaCtive Wastes by
- Carrier Precipitation,’ " Chemical Engineering Progress 53, 'No. 2,
93-F-95-F (1957).



15. W. W. Schulz, T. R. McKenzie, "The Removal of Cesium and Strontium
from Radioactive Waste Solutions,” pp. 200-302 in Sanitary
Engineering Aspects of the Atomic Energy Industry. A Seminar
Sponsored by the AEC and the Public Health Service, Held at the
Robert A. Taft Engineering Center, Cincinnati, Ohio, Dec. 6-9,
1955, TI-T517, (Pt. la), (Oct., 1956).

Fission Product Recovery by Ion Exchaﬁtge

16. I. R. Higgins, R. G. Wymer, "Diban-Ion Exchange Waste Disposal Scheme, "
om198fr (Nov., 1955).

17. I. R. Higgins, "The Alkaline Method for Treatment of High Radiation
Level Aluminum Wastes," ORNL CF 57-1-139, (Jan. 17, 1957).

Fission Product Recovery by Continuous Solvent Extraction

18. B. Weaver, A. C. Topp, "Distribution of Rare Earth Nitrates Between
TBP and Nitric Acid," ORNL-1811, (Oct. 15, 1954).

19. H. L. Krieger, B. Kahn, C. P, Straub, "Removal of Fission Products
‘ from Reactor Wastes," ORNIp2297, (May 24, 1957)

20. A. To ,Gregky, R. P. Wischow, "Prepesal for 25 or Thorex Waste Disposal:
v Selactive Reoevery of Fission Products," ORNL CF 55-11-97, "(Nov.

17, 1955).

21. -Idaho Chemical Processing Plant Technical Progress Report for January %
Through March 1956, C. Eo S’oevenson ed., IDO-1h385, (det. 15, 1956).

m(neal Crystalization

22, See Supplementary Bibliography References No. 63, 6h4, 65, p. 183 this
_ report.

Precipita:bion at Elevated Tempera.ture and Pressure

23. 1-?1° A. Keeler, "Monthly Progress Report on Fission Report on Fission Product
- Separations Study (Subcontragt 994)" B-2077-6-0, (April, 1957).

2k, R. A. Keeler, "Month Pro%ress Report on Fission Product Separations
Study (Subcon‘bra )," V-2077-5-0, (May 8, 1957).

25. R. A. Keeler, c. J. Anderson, M. Kibrick, "Fission Product Separations
 Study (Quarterly Report - December 1, 1957 - Feb. 28, 1957),"
KIX-10066, (March 31, 1957).



Screw Calciner.

27, TF. Hittman, B. Manowitz, "Progress Report on Waste Processing Develop-
ment Project (Description of Calciner Pilot Plant)," BNL-323
(Dec., 1954).

28. B, Manowitz, F. Hittman, R, Isler, "Progress Report on Waste Processing
Development Project,” BNL-293 (May 1, 195h4).

29,7 B..Manowitz, F. Hittman, "Proposal for Waste Processing at Idaho
Chemieal Processing Plant," BNL-329 (Feb. 1, 1955).

30. B. Manowitz; R. Isler, "Progress Repért on Waste Processing Development
Project (The Concentration of Purex Waste)," BNL-266 (Dec. 1, 1953).

31. B. Manowitz, R. H. Bretton, R. W. Southworth, "Waste Concentration
Studies: Progress Report," BNL-49 (Nov. 15, 1949),

32. 5. Zwickler,'B° Manowiﬁz, "Calcining of Wastes: Progress Report on
Waste Processing Development Project,"” BNL-381 (Jan., 1956)

Fluidized Bed Calciner

33. W. A. Rodger, P. Fineman, "Ultimate Disposal of Radioactive Wastes,"
Symposium on Chemical Processing, Brussels, Belgium, May 20-25, 1957,
Session III, Paper V. .

34, 8. Lawroski, W. A. Rodger, R. C. Vogel, V. H. Munnecke, "Chemical
Engineering Division Summary Report " For Jan., Feb., March, 1955," -
ANL-5422 (May 3, 1955). :

35. .S. Lawroski, et al, "Chemical Engineering Division Summary Report,
April, May and June, 1955," ANL- 5466 (July 27, 1955).

36. S. Lawroski, et al, "Chemical Engineering Division Summary Report; Oct.,
Nov., Dec., 1955," ANL-5529 (Feb. 10, 1956).

37. C. E. Sterenson, "Technical Progress Report for April Through June 1956
for Idsho Chemical Processing Plant," IDO-14391 (Jan. 15, 1957).

38. C. E. Stevenson, "Technical Progress Report for January Through March
o 1956 for Idaho Chemical Processing Plant," ID0-14385, (October 15, 1956).

39. -C. E. Stevenson, "Technical Progress Report for July through Sept., 1955
for Idaho Chemical Processing Plant,“ IDO-14364 (May 1, 1956).

40. C. E. Stevenson, "Technical Progress Report for October Through December
. 1956, " IDO-14400, (March 13, 1957).

Clay Fixation -

41. Blow-Knox Co., "Aluminum Zirconium Waste Pretreatment Plant for Brook-
haven National Laboratory," BKC-4619 (Jan. 11, 1957).

42, L. P. Hatch et al, "Process for High-Level Radioactive Waste Disposal,"
Peaceful Uses of Atomic Energy, Proceedings of the International
Conference in Geneva, Aug., 1955, Vol. 9, P/553, United Nations,
New York.,



hdll

«*,

43, L. P. Hatch et &l, "Ultimate Disposal of Radioactive Wastes," BNL-1781,
(Feb., 1951+)

44, "The Third Information Meeting on Hot Laboratories, May 26-28, 1954."
BNL-302 (Dec., 1954).

45, W. S. Ginell, R, Doering, "Preparation of Fused Clay Radiation Sources.

I° Yttrlum Macrospheres, " BNL~3#1 (June, 1955).

6. W. S. Ginell, G. P, Simon, "Preparation of Spherical Clay Partlcles
Containing Redioactive Ions," BNL-1277 (Nov., 1952).

AT. L. P. Hatch, "Ultimate Disposal of Radiocactive Wastes," BNL~13&5,
(Jan., 1953)

- 48, L. Gemmell, "Radiocactive Waste Disposal and Control Programs at Brook-

haven National Laboratory," BNL~1937 (1954).

k9, J. M. Ruddy, "Radioactive Liquid Waste Control," BNL-2h09 (ra1y 12, 1955)

- 50, G. L. Weiss, L. E. Crean, Minutes.of Vlsit to BNL, Ruclear Engineering

Division in Connection with Contract No. AT(30-1)-850-Permsnent

Storage Method for High-Level Radioactive Wastes, TID-5296 (Mar. 8

1954).

Nepheline Syenite

51, " K. K. Rae et al, "A Preliminary Cost Estimate for Fuel Recycling,”
~ CEI-79 (Oct., 1955).

52, J. M. White, G. Lahale, "The Disposal of Curie Qpantitles of Fission
Products in Siliceous Materials," CRCE-591 (March, 1955).

53. W. S. Givell, J. J. Martin, L. P, Hatch, “Ultimate Disposal of Radio-
active Wastes,” Nucleonics 12, No. 12, 14-18 (1954). See also,
BNL-1781 (Feb., 195%). :

Casting in Concrete

5k, A. C. Herrington et al, "Permanent Methods- of Radloactlve Waste Disposal,

Economic Evaluation,” K-1005 (March 11, 1953).

Synthetic Feldspars

55. W. A. Patrick, Letter to J. A. Lieberman, USAEC (Feb. 26, 1957).

56. W. A. Patrick, "Use of Artificial Clays in Removal and Fixation of
Radioactive Nuclides,” pp. 368-373, in Sanitary Epgineering
Aspects of the Atomic Energy Industry. A Seminar sponsored by
the AEC and the Public Health Service, Held at the Robert A.
Taft Engineering Center, Cincinnati, Ohio, December 6-19, 1955,"
TID-7517 (Part 1b) (Oct., 1956).

»



2.

O

Sintering and Self-Sintering in Conasauga Shale

57« E. G. Struxness, W. J. Boegly, L. Hemphill, J. O. Blomeke, T. N, McV&y,
"Ultimate Disposal of Self-Sintering at Elevated Temperature
PP. 323-337 in "Compilation and Analysis of Waste Disposal
Information,"” ORNL CF 57-2-20 (Feb., 1957).

58, E. G. Struxmess et al, "Sanitary Engineering Research,"” pp. 26-30
in*Health Phy51cs Division Semiannual Progress Report for Period
‘Ending July 31, 1956," ORNL-2151 (Nov. 2, 1956).

59. R. L. Hamner, "Waste Disposal," pp. 210-212 in "Metallurgy Division
Semiannual Progress Report for Period Ending October 10, 1956 "
ORNIJ-EEJ.T (Deco 3 l956)

60. R. L. Hamner, M. P. Hayden, S. D. Pulkerson, "Waste Disposal," pp.
© 191-200 in "Metallurgy Division Semiannual Progress Report 'for
Period Ending April 10, 1956," ORNL-2080 (Oct., 1956).

6l. " R. L; Hamner, M. P. Hayden, J. R. Johnson, S. D. Fulkerson, "Waste
Disposal," pp. 98-10k in "Metallurgy Division Semiannual Progress
Report for Period Ending Oct. 10, 1955," ORNL-2078 (June, 1956),

62, T, N. McVay, R. L. Hammer, M. P, Hayden, "Fixation of Radioactive Wastes
in Clay~Flux Mixtures," pp. 335-338 in "Sanitary Engineering Aspects
of the Atomic Energy Industry," A Seminar Sponsored by the AEC
and the Public Health Service, Held at the Robert A. Tafi Engineering
Center, Cincinnati, Ohio, Dec. 6-9, 1955, TID-7517, (Pt 1b)

“(Oct., 1956).

63. J. R. Johnson, S. D. Fulkerson, T. N. McVay, J. M. Warde, "Heat
' Experiments for Self-Fixation of Radioactive Wastes in Clay-Flux
Mixtures," TID-7517, pp. 339, 351 (pt. 1b) (Oct., 1956), -

64, "Health Physics Division Semiannual Progress Report for Period Ending
Jan. 31, 1956," ORNL-2049 (May 3, 1956).

65. "Health Physics Division Semiannual Progress Report: for Period Ending
July 31, 1956," ORNL-2151 (Nov. 2, 1956).

66. J. 0: Blomeke, "Fixastion of Radioactive Chemical Processing Wastes
in Clay, Limestone, Soda Ash, Mixtures at Elevated Temperatures,"
ORNL-CF 56-7-93 (July 23, 1956).

British Fixation Process

6T. C. B. Amphlett, "Treatment of Highly Active Wastes," Atomics 8, No. U
' 116-120 (L957).

68. €. B. Amphlett, "Fixation of Radioactive Effluent,“ Nuclear Englneerlng
1, No. 3, 119-122 (1956).




i

P

69.

.,700

.'71. .

72,

The

41-

C. B. Amphlett, "Soil Chemistry .and the Uptake of Fission Products,"
Research 8, No. 9, 335-340 (1955).

C. B. Amphlett, D. T. Warren, "Fixation of Activity in Solid Form by
Absorption on Soils, Part 1, Firing and Leaching Tests," AERE-C/R-
1686 (June, 1956).

Cs B Amphlétt, L. A, McDonald, "The Uptake of Fission Products by
Nuneham Courtenary Lower Greensand, Part I, Cesium and Strontium,”
AFRE-C/R-1T708 (Sept., 1955).

C. B. Amphlett, "The Possibillty of Self-Fixation of nghly Active
Wastes," AERE-C/R-1862 (Feb., 1956).

C. B. Amphlett, D. T, Warren "The Temperature Distribution in a Heated

Clay Block and Its Appllcatlon to the Problem of Fission Product
Disposal," AERE-C/R-1861 (Feb., 1956).

I. K. Perring, "The Cooling of Underground Fissilon Wastes," AERE-C/R-
1294 (Nov., 1953). -

Treatment with Sawdust

(X3

P. DeJonghe, M. d'Hont, "Traitement Chimique 4'Effluents Radio-Actifs,"
Energie Nucleaire 1, No. 1, 27-33 (January-Msrch, 1957).

Electrodeposition of Ruthenium

76.

TTe

8.

M. H. Lietzke, J. C. Griess, "A Study of the Electrodeposition of
Ruthenium from Very Dilute Solutions,“ J. Am, Chem., Soc., 100,
No. 10, (Oct., 1953).

D. L. Barney, R. C. Feber, Jr., R. F. Blair, "Investigation of Methods
for the Removal of Fission Products from Coating-Removal. Solution,”
KAPL-1460.

D. L. Barney, "Investigation of Electrolysis as a Method for Treatment
of Radioactive Nitric Acid Wastes," KAPL-1263 (Jan. 4, 1955).

BaCrngBaCl Process

9.

B. M. Legler, W. L. Chese, M. D. Martin, P. M. Purge, F. K. Wrigley,
‘"Pilot Plant Development of A Process for Separating Ba-1%0 from
MTR Fuel," Ino-lu3uu (Sept. 1, 1955).

Inorganic Ion Exchangers

&.

81.

82.

K. A. Kraus et al, "Cation Exchange Properties of Zr(IV) and U(VI)
Precipitates, " Nature, 177, p. 1128 (1956).

K. A. Kraus et al, "Cation Exchange Properties of erconium Phosphate, "
J. Am, Chem. Soc., 78, p. 694 (1956).

K. A. Kraus et al, "Anion Exchange Properties of Hydrous Zirconium Oxide,"
Je. Am. Chem, Soc., 78, p. 249 (1956).




)

. 80,

- ORNL

i

\

"ORNL ‘Chemistry Division Annual Report for Period Endlng June, 1957,"
. (in progress).

"Chemistry Division Semiannual Progress Report for Period Ending

June 20, 1956," ORNL-2159, p. hk0-42 (Oct. 11, 1956).

"HRP Quarterly Progress Report for Period Ending Jan. 31, 1956,"

ORNL~2057, p. 136- 139 (Apr. 17, 1956).

"HRP Quarterly Progress Report for Period Ending Oct. 31, 1955,"
ORNL-200%, p. 208-212 (Jan. 31, 1956).

"HRP Quarterly Progress Report for. Perlod'Ending July 31, 1955,"

ORNL-1943, p. 246-251 (Aug. 9, 1955).

"HRP Quarterly Progress Report for Period Ending April 30, 1955,“
- ORNL-1895, p. 197-200 (May 13, 1955).

"HRP Quarterly Progress Report for Period Ending Jan. 31, 1955,"
ORNL-1853, p. 203-204 (Feb. 16, 1955)

Ralia. Process

90.

2.

93.

R. E, Blanco, "Preparation of Kilocurie Amounts of'BalhO-Laluo by a

Precipitation-Ion Exchange Process," Presented at American
Nuclear Society Meeting, Chicago, June, 1956 (Submitted for
publication in Nuclear Science and Engineering).

i

"“R. E. Blanco, "Laboratory Development of the MTR-RaLa Process for

the Production of Barium-1%0," ORNL-1148 (1952), Declassified.

R. E. Blanco, A. H. Kibbey, "Laboratory Development of the Versene
Process for the Purification of Radidbarium‘by Ton Exchange",
ORNL-625, 1951, Declassified.

R. E. Blanco,‘”Laboratory Development of an Ion Exchange Rala

Process,” ORNL-620, 1950, Declassified.

British Methods of Fission Product Separation

oh.

95‘

E. Glueckauf, T. V. Healy, "Chemiéai Operations with Fission Prod-

uct Solutions," Atomics 6, 370-9, 385 (1955).

E. Glueckauf, C. M.. Nicholls, T. V., Healy, J. M. Hutcheon, "Fission
Product Technology: A Review of Work Done by the Chemistry
and Chemical Engineering Divisions at AERE up to March 12,
1954," CPDC/H-43, Mar. 17, 1954,



ol

96.

98.

99.

100,
101.

102.

103.
104,

105.

106,

107.

P.

K °

T,

Je

T

Je
E.

T,

43

E. Carter, "The Separation of Long-Lived Fission Products,"”
Pp. 51-55 in Symposium on "Utilization of Radiation from
Fission Products, Held at Harwell on February 23,724, 1953,
AFRE C/R-1231, June, 1953.

V. Healy, "Removal of Phosphotungstic Acid from Fission Products
by Solvent Extraction," FPSD/P-1, (Feb. 1, 1955).

G. Seedhouse, J. Monahan, K. W. Pearce, G. Wallis, "The Removal
of Fission Products from Solution with a Precipitation-Column
Treatment. Part 2 Pilot Plant Trials," AERE-ES/R-2089, (Jan.,
1957). :

V. Healy, B. L. Ford, "The Destruction of Nitric Acid by Formal-
dehyde, Part 1," AERE-C/R-1339, (April 2, 1954).

V. Healy, B. L. Davies, "The Des’sruétion of Witric Acid by Formal-
dehyde. Parts 2, 3, and 4," AEREAC/R-1739, (Feb. 22, 1956).
‘ L}

B. Morris, "The Reaction of Nitric-Acid with Formaldehyde",
AERE-CE/R-1490, (Oct. 12, 1954)..

V. Healy, P. E. Brown, B. L. Ford, "Some Experiments on Oxida-
tioi and Distillation of Ruthenium)" AERE-C/M-210, (June 20,
195k). ' :

Sutton, "Distribution of Nitric Acid Between Water and Ether, "
AERE-C/R-438, (Nov., 1949).

Glueckauf, B. L. Davies, "Thermodynamics of the Systems HNO3-
HéO—Ethers," AERE-C/R-2029, (August, 1956).

V. Healy, P. E. Brown, "Extraction of Alksli Salts into Organic
Solvents," AERE-C/R-1970, (June 6, 1956).

V. Healy, B. L. Davies, "Extraction of Alkaline Earth Nitrates
by Tgibutyl Phosphate," AERE-C/R-1791, (June, 1956).

C. Littlejohn, "The Separation of Fission Products by Electro-
lytic Precipitations," AERE-C/R-1537, (Nov. 11, 1954).



